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ABSTRACT 
 
With second generation biofuels approaching commercial scale production, a large fleet of 
harvesting equipment will be required in order to meet feedstock demand.  Agricultural residues, 
such as corn stover, have been recognized as potential feedstocks, especially in the Midwestern 
United States.  Harvesting of these residues will require significant logistics planning and 
implementation to harvest high quality material in a relatively short period of time.  An 
integrated harvest supply chain will be required to incorporate the stages of material harvest, 
storage, and transportation. 
For a commercial scale biorefinery capable of producing 114 million liters (30 million 
gallons) on an annual basis, a harvest region of nearly 77,000 ha (190,000 acre) will be required 
(DuPont, 2013).  A multi-pass harvest system has been identified as a potential method for 
collecting material.  In this process, corn stover is windrowed, baled, and collected following 
grain harvest.  Material is then stored until required for processing at the biorefinery. 
The objective of this research was to investigate the techno-economics of the in-field harvest 
operations using production-scale data collected from a central Iowa cellulosic ethanol 
biorefinery.  Using this information, a series of Key Performance Indicators (KPIs) were 
developed to increase machinery productivity and efficiency.  These KPI metrics were used to 
establish operating baselines and identify areas of potential improvement. 
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CHAPTER 1. INTRODUCTION 
Recently, interest in biomass based fuels has increased significantly as the price of 
conventional petroleum based fuels have become more unstable due to scarcity, political 
factors, and environmental concern.  Research has been focused on developing fuels 
produced from renewable resources that can meet current demand while maintaining, or 
lowering, fuel costs.  Because of their availability and potentially low prices, research has 
focused on the conversion of lignocellulosic feedstocks, such as corn stover, woody biomass 
or grasses to fuels.  However, more work is needed in the area of lignocellulosic feedstock 
harvesting and logistics.  Collection of biomass feedstock is challenging due to the typically 
low bulk density, variations in material quality, and diversity of material.  Research has been 
conducted in various stages of the supply chain to optimize harvest, storage, and 
transportation of material.  Additional work has been conducted in non-biofuel crop 
production that is still applicable to biomass harvesting.  The available literature is typically 
broken down as in-field logistics, which focuses on specific tasks (windrowing, baling) or as 
a system level approach that integrates multiple stages of the supply chain.  Both approaches 
are valid as individual stages require optimization without sacrificing overall supply chain 
efficiency.  The following research investigates the required in-field operations and logistics 
planning across a large scale harvest operation. 
1.1. Renewable Fuels Background 
There have been several factors that have contributed to the increased interest in biofuel 
production in recent years.  Energy security and global climate change have been the primary 
reasons for seeking bio-based energy sources.  Since the 1970’s, attention to biofuel 
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production has been motivated by fuel shortages, increased cost, and uncertainty in supply.  
However, interest in biofuel production within the United States dates back to the early 
1900’s when the automotive industry was in the early development stages.  Henry Ford 
supported biofuel production and believed the United States was capable of producing its 
own fuel (Wiselogel, et al., 2008).  As early as 1906, an article published in the New York 
Times voiced concern over gasoline supply and the impact of ethanol usage (Songstad, et al., 
2009).  However, the idea of a national biofuel program did not materialize and it would not 
be until the 1970’s that interest in biofuels would again grow (Solomon, et al., 2007). 
In the 1970’s, Brazil quickly developed its own biofuel program, “Proalcool”, which 
utilized the country’s abundant supply of sugarcane to counter the OPEC oil embargo.  By 
the 1980’s, over half of the cars in Brazil ran on E95 fuel (Solomon, et al., 2007)  Around 
this same time the United States started the framework for its own biofuel program.  In 1978, 
the Energy Tax Act (ETA) was passed and distinguished between petroleum based fuels and 
bio-based fuels.  The ETA also provided a subsidy for ethanol production (Solomon, 1980).  
In 1990 the Clean Air Act Amendment was passed, placing mandates on use of oxygenated 
fuels, such as ethanol.  Since this time, the typical blends of ethanol within the United States 
has been 10% (E10).  Flex fuel vehicles (FFV) have been developed to run on high ethanol 
blends, such as E85.   
In 2005 the Renewable Fuel Standard (RFS) was passed as part of the Energy Policy Act 
of 2005.  This created the first renewable fuel mandate in the United States and set guidelines 
for fuel production levels.  By 2012, 284 billion liter (7.5 billion gal) of biofuel were to be 
produced and blended into gasoline.  Two years later the Energy Independence and Security 
Act of 2007 (EISA) was passed and included an updated Renewable Fuel Standard (RFS2).  
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The RFS2 increased mandate levels for biofuel production and created four separate 
categories: total renewable fuels, advanced biofuels, biomass-based diesel, and cellulosic 
ethanol (Schnepf & Yacobucci, 2013).  In additional to mandated levels of production, 
thresholds were established for the level of greenhouse gas emissions (GHG) reduction.  The 
creation of separate categories identified that not all biofuels are created equally and thus 
require varying degrees of regulation.  Conventional corn ethanol is categorized under “total 
renewable fuels” and requires a GHG reduction of at least 20%; cellulosic ethanol requires a 
50% GHG reduction to qualify as “cellulosic and agricultural waste-based biofuels” (Schnepf 
& Yacobucci, 2013).  The RFS2 also specifies significant increase in cellulosic biofuel 
production as the 2010 target was set at 376 million liter (100 million gal) and increased to 
606 billion liter (16 billion gal) by 2022.  Compared to the other fuel categories, cellulosic 
based biofuels have the most stringent GHG reduction requirements.   
In 2005, the Billion-Ton Study (BTS) was issued to investigate the availability of 
biomass feedstocks (Perlack, et al., 2005).  In 2011 this report was updated as the Billion-
Ton Update (BT2) to update the previous report and to provide greater insight into the 
available feedstocks and their prices (Perlack & Stokes, 2011).  It was shown that sufficient 
resources would be available at a baseline cost of 66 $-dry Mg-1 (60 $-dry ton-1) (Perlack, 
2011).  This price represents the cost to harvest, store, and transport feedstock from the 
source to the biorefinery gate.  The availability of biomass feedstock was dispersed across 
much of the United States and drew from multiple sources including forest residues and 
waste; agricultural residues and waste; and dedicated energy crops.  Additionally, feedstock 
supply existed to meet demand for electricity, chemical production, and other uses.  In total, 
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the high-yield scenarios for 2022 ranged from 1 billion dry Mg to 1.5 billion dry Mg (1.1 
billion ton to 1.6 billion ton) (Perlack, 2011). 
1.2. Biomass Supply Chain  
While the feedstock is available to support a cellulosic based biofuel program, the 
challenge lies in collecting a large volume of low density material distributed across a wide 
harvest region.  Additionally, this process must be completed at a cost competitive with that 
of traditional fuel sources.  As stated in the BT2, 66 $-dry Mg-1 (60 $-dry ton-1) has been a 
widely used baseline cost target for biomass collection and transportation from field to 
biorefinery.  According to Wright et al., the cost estimate for corn stover harvest is as low as 
38.6 $-dry Mg-1 (35 $-dry ton-1) (Wright, et al., 2012).  However, this report does not include 
grower payment for feedstock, a critical component required to increase grower participation.  
The target appears to be aggressively set and additional research has shown targets closer to 
66 $-dry Mg-1 (60 $-dry ton-1) to be more realistic.  Dwivedi et al. ran cost comparisons for 
cellulosic ethanol production at feedstock costs of 55 $-dry Mg-1 (50 $-dry ton-1) and 119 $-
dry Mg-1 (108 $-dry ton-1) (Dwivedi, et al., 2009).  Additionally, Thompson and Tyner 
estimated supply cost for corn stover harvest, storage, and transportation between 82.19 $-
dry Mg-1 (90.60 $-dry ton-1) and 100.56 $-dry Mg-1 (110.85 $-dry ton-1) (Thompson & Tyner, 
2011).   
The wide range of cost estimates is due in part to the variability associated with a 
cellulosic feedstock, and more specifically, a corn stover harvest.  As a relatively new market 
(in comparison to more established grain markets), a significant number of unknown factors 
exist in developing a robust supply chain that can remain profitable with year-to-year 
changes in market conditions, climate, and crop yield.  Awudu and Zhang conclude that the 
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cost of the biomass feedstock is one of the greatest barriers to overcome (Awudu & Zhang, 
2012).  Lowering costs for biomass is difficult due to the uncertainty in availability, quality, 
and scalability.  Several operations are needed for biomass procurement including harvest, 
collection, transportation, and storage.  There are several configurations that can be used to 
accomplish these tasks.  For example, simultaneous corn and biomass harvest can be 
accomplished in a single-pass system where a baler is towed directly behind a combine.   
The complexity of the corn stover supply chain is due to the multiple stages that must be 
integrated into a single process.  Research exists in the area of logistics and supply chain 
management for other industries and offer background information, methods, and metrics 
that can be applied.  Scheduling of equipment and resources is a common practice for 
manufacturing.  Predicting weather events and optimizing a limited and variable harvest 
window is a challenge for all agricultural based industries.  However, the biomass supply 
chain is a unique industry that cannot take previous industry practices and apply them 
directly to feedstock procurement.  For a cellulosic biorefinery utilizing corn stover there is a 
large harvest area that must be covered in a short period of time, with a fixed number of 
machinery, and must deliver a high quality final product.   
A cellulosic biorefinery operating at 114 million liter (30 million gallon) per year will 
require a harvest area of nearly 77,000 ha (190,000 acre) to maintain operation (DuPont, 
2013).  Estimates show that approximately a 48 km (30 mi) radius will be required to keep a 
biorefinery, using corn stover, in operation on an annual basis (DuPont, 2013).  This is a 
significantly large region that presents challenges.  The biomass supply chain is required to 
collect material from a wide region that is processed at a central biorefinery.  In addition to 
the collection and processing stages, a location for storing and staging bales will be required 
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as an intermediate step between field harvest and plant processing.   Figure 1 shows the 
infield operations of windrowing, baling, and stacking.   
 
Figure 1.1: In-field operations for multi-pass corn stover harvest machinery 
 
1.3. Biomass Storage Options 
Once bales are harvested, they can be stored at field edge for a short period of time but 
usually must be removed within a few months.  The winter months provide an opportune 
time for transporting material off of fields before spring field work begins.  The ground is 
typically frozen and makes transfer of bales out of the fields easier.  After leaving the field, 
bales can either be transported directly to the biorefinery or placed in a long term storage 
satellite storage facility.  If transported directly to the biorefinery, the bales typically will be 
processed in a matter of days or weeks, thus reducing the risk of deterioration.  However, if 
bales are placed in storage, they must be managed to preserve quality as storage can last 
several months.   
Several options exist for bale storage depending on bale quality, proximity to the 
biorefinery, and available transportation methods.  Research has been conducted on various 
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storage options including field-edge storage (Allen, et al., 1998) (Huisman, et al., 1997) and 
intermediate satellite storage locations (Nilsson & Hansson, 2001).  Shah identified five 
scenarios for transportation of cellulosic feedstock for both small-scale and commercial 
large-scale operation including: (1) storage at field-edge followed by transportation to 
biorefinery, (2) storage at satellite storage location, (3) use of pre-processing facility 
followed by truck, rail, barge, or pipeline transportation, (4) use of pre-processing facility 
followed by storage at the satellite storage facility, and (5) storage at the biorefinery (Shah, 
2013).    
In addition to the location of bale storage sites, there exist options for type of bale storage 
system.  Bales can be stacked in open storage where bales are left exposed to the 
environment without cover.  While this is a cost effective method for bale storage, the quality 
of the bale feedstock can deteriorate due to exposure to rain and snow.  Bales may be stacked 
at field edge or at a storage facility and then covered with tarp.  This protects bale stacks 
from exposure to sunlight and water (Shah, et al., 2011).  Other storage options include 
anaerobic storage where bales are wrapped in plastic to minimize exposure to oxygen and 
thus minimize aerobic respiration (Shah, et al., 2011).   
1.4. Supply Chain Stage Interactions 
Each stage of the harvest supply chain presents the risk of creating a bottleneck in the 
system.  At the field, the baler cannot start operation until the windrower has completed 
windrowing of stover.  The bale stacker cannot collect bales until the baler has started 
production in the field.  At the bale storage facility, the speed of truck unloading is dependent 
upon the bale handling equipment.  The movement of bales from field to biorefinery is not a 
steady rate but has peak periods where greater resources will be required.  The management 
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of the supply chain is most efficient when these extremes of high and low material movement 
are leveled to steady flow rate.  Factors such as weather, field conditions, and machinery 
maintenance and repair all impact the movement of bales from field harvest to the 
biorefinery.  These bottlenecks require an adjustable flow of bales through the system to 
minimize machinery wait time at succeeding supply chain stages.   
For in-field operations, the baler is the driving factor that determines windrower and 
stacker requirements.  Even though the baler follows the windrower, the baler is the limiting 
factor that dictates material throughput, harvest take rate, and total bale production.  As the 
baler productivity and bale production increase, the windrower will have to increase output in 
order to keep sufficient material prepared for baling.  The bale collection system has more 
lag time as bales do not have to be collected immediately following harvest.  Bales are not 
typically removed from the field edge stack for a period of weeks or months, allowing the 
bale collection time to stack bales.  However, fall field work, such as tillage and fertilizer 
application, require the bale collection process to be completed shortly after baling occurs.  
Because the baler is the driving factor for in-field operations, much of the focus of improving 
the supply chain process is placed on this operation.   
To improve the baling operation, two actions are required: development of a complete 
methodology for evaluating baling performance, and identification of critical factors that 
have the greatest impact on supply chain performance.  Baler performance and operating 
baselines are established in Chapter 2 of this dissertation while Key Performance Indicators 
(KPI’s) are evaluated in depth in Chapter 3.  Implementation of KPI’s act as a feedback loop 
on the supply chain and allow for changes in operating practices.  The critical factor for KPI 
implementation is a timely feedback that allows for correct adjustment of operations.  Field 
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conditions vary greatly on the field-to-field level.  Because of this, feedback on performance 
is required on a field level to allow for adequate adjustment.  A typical feedback control 
system has three main components consisting of a controller, system, and sensor feedback.  
In this case, the harvest system is made up of a windrower and baler operation, the produced 
bales, and the observed bale quality metrics, respectively.     
The challenge with timely system feedback is due to the time required to analyze bale 
quality metrics such as moisture content and ash content.  Lab processing time typically 
requires a minimum of 48 hours to collect bale samples, process through the lab, and analyze 
results.  The length of time required to process samples makes it difficult to produce analysis 
while equipment is still in the field.  This can be overcome to some extent by evaluating past 
performance and identifying trends.  While bale quality metrics require greater time for 
evaluation, machine performance KPI’s are able to be analyzed in much less time.  Use of 
onboard telemetry data loggers allows for real time evaluation of machine performance and 
quickly identifies machines that are performing at less than optimal levels.  The process of 
analyzing machine performance KPI’s is discussed in depth in Chapter 3. 
1.5. Factors Influencing Harvest Practices 
Field conditions can vary greatly across a region of this size and a universal approach to 
feedstock management does not always apply.  Each field has to be managed appropriately to 
ensure high quality bales are being produced while maintaining long-term sustainability.  
Significant factors that influence these practices include available stover, moisture content, 
and harvest window. 
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1.5.1. Available corn stover 
The available corn stover within the field dictates how much material can be harvested.  
The corn stover remaining within a field after grain harvest is dependent upon the grain yield.  
This relationship between grain and stover is known as the harvest index.  The harvest index 
is calculated as the mass of grain divided by the sum of grain and stover material.  Typically, 
the harvest index will be near 0.5, with the remaining stover equal to the grain harvested 
(MSU Extension, 2013).  Because the harvest index is expected to be constant, as the grain 
yield increases, the available corn stover will increase proportionally.  When selecting 
suitable fields for stover harvest, available stover is a significant factor for long term 
sustainability.  To promote long-term sustainability, a portion of stover is left in the field to 
support nutrient management, provide ground cover, and prevent soil erosion.  Depending on 
management practices and crop conditions, recommended stover removal rates range from 1 
Mg ha-1 (0.4 ton ac-1) up to 4.5 Mg ha-1 (2 ton ac-1) (Blanco-Canqui & Lal, 2007; Ertl, 2013).  
Johnson et al. and Wilhelm et al. recommend that 5.2 Mg  ha-1 (2.3 ton ac-1) be left in the 
field for continuous corn rotation and 7.8 Mg ha-1 (3.5 ton ac-1) be left for corn-soybean 
rotation (Johnson, et al., 2006; Wilhelm, et al., 2004). 
Maintaining sustainability will be essential to ensuring a bio-based economy can survive 
long-term.  Nutrient management of nitrogen (N), phosphorus (P2O5), and potassium (K2O) 
is required for plant growth.  For continuous corn rotations, the partial removal of stover can 
actually reduce the need for N fertilizer (Coulter and Nafziger, 2008).  Other studies show 
that corn stover removal will have a negative impact on soil organic matter and increase soil 
erosion (Wilhelm, et al., 2004; Mann, et al., 2002).  Further investigation on nutrient removal 
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and soil organic material will be required in order to better understand long term impact of 
stover harvest.   
1.5.2. Moisture content 
Moisture content is the measurement of water within the biomass feedstock.  While it is 
an important factor for the harvest and storage of corn stover, it cannot be controlled but can 
only be managed.  Harvesting high moisture corn stover creates challenges for several stages 
of the supply chain.  Bale quality is reduced when bales are high in moisture and makes 
handling of material more difficult.  The potential for mold and microbial activity increases 
with bale moisture.  Additionally, when bales are stacked for storage, high moisture bales are 
less stable and can cause stacks to deteriorate or completely collapse.  The additional 
moisture content also raises transportation costs as the bale weight will increase without 
increase the weight of actual corn stover material.  It is expected that high moisture corn 
stover will increase the processing cost at the biorefinery, although more research is required 
to quantify the impact. 
Corn stover moisture content can be reduced prior to baling if material is allowed 
sufficient time to dry after grain has been harvested.  However, it is difficult to allow material 
long periods of time to dry.  The available time for harvest during fall months is short and the 
potential for rain and snow makes waiting to harvest material challenging.  Scheduling of 
stover harvest is a compromise between ideal stover conditions and ensuring sufficient time 
to complete harvest.   
1.5.3. Harvest window 
The relatively narrow harvest window for corn stover removal has been identified as one 
of the primary contributors to the overall cost of this material (Shah, 2013).  Unlike other 
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supply chains with steady flow of inputs cellulosic ethanol plants use corn stover, which has 
a short harvest window of less than two months (Johnson, et al., 2007; Wilhelm, et al., 2004).  
To keep a 114 million liter (30 million gal) biorefinery operation for an entire year, roughly 
700,000 bales are required.  Assuming a 30 day harvest window, this requires over 23,000 
bales being harvested each day.  This is not a trivial task considering that once bales are 
harvested they must be collected and either stored in a long term storage location or 
transported to the biorefinery for processing.  This short harvest window further increases the 
need for efficient supply chain management practices that ensure machinery is being used to 
the fullest potential.   
Corn stover collection will closely follow corn grain harvest.  From 1999-2010, the 
average corn harvest in Iowa was 27 days (Darr & Webster, 2014).  Managing the harvest 
window is a management of risk.  It is impossible to predict what type of harvest conditions 
and length of harvest will exist prior to the fall.  This is critical for determining equipment 
needs including windrowers, balers, and stackers.  If a long harvest window is expected, less 
equipment is required to harvest the same number of acres over a longer period of time.  
However, with a shorter harvest window, more equipment will be required.  This is a 
challenge as machinery is lined up well in advance of the harvest season.  For this reason, a 
more conservative estimation of the harvest season is typically taken.  It is better to error on 
the side of having a larger machinery fleet than required than to be lacking equipment when 
field conditions are prime harvest.  Using historical harvest data as well as models, such as 
Monte Carlo simulations, will allow for more accurate resource forecasting. 
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1.6. Agricultural Machinery Fleet Management 
Management of agricultural machinery has been studied in order develop guidelines for 
allocating machinery for field operations.  As is the case with typical manufacturing plant 
operations, a limited number of resources must be managed to complete sequential tasks in a 
timely manner.  Factors such as weather, market fluctuations, and crop variations add to the 
already complex process of machine allocation.  As agriculture production becomes a larger 
and more diverse industry, the need for timely data feedback and efficient scheduling 
becomes increasingly important.   
Operations decisions involve the processes that have short term timelines ranging from 
days to months.  When looking at a typical crop harvest in the Midwest, these are the field 
level steps that include when to harvest a crop, if/where to store it, and how to manage crop 
residues.  This process becomes further complicated when multiple fields are involved.  A 
fleet management approach is required to maximize machine efficiency and utilization.  As 
stated by Sorensen & Bochtis (2009) “agricultural fleet management is viewed as farmer’s or 
machine contractors’ decisions-making concerning, for example, resource allocation, 
scheduling, routing, and real-time monitoring of vehicles and materials”.   From this 
description, the entire crop production operation could be viewed as a fleet management 
topic.  The fleet machinery is allocated in such a way that in field productivity is maximized 
without sacrificing crop quality.   
In the manufacturing industry, the concept of lean production has been adopted that 
focuses on minimizing waste and maximizing resource utilization.  Houtzeel stated that wait 
time for manufacturing can account for 90% of lead times (Houtzeel, 1982).  This wait time 
includes queue time and in batch wait times for material processing.  While the practices of 
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lean manufacturing cannot be directly applied to agriculture production, the idea of reducing 
inefficiencies is relevant.  In manufacturing, job shop processing is used where a single 
product must pass through several individual stages in a sequential order.  Bochtis et al. 
recommends using this approach for agricultural machinery management (Bochtis, et al., 
2014).  This process accounts for vehicle route planning and for scheduling of tasks.  
However, for an agricultural production process the field will be stationary and each process 
will move to/from the field.   
As stated in ASABE Standards S495.1, section 2.7, four phases are used in the 
management of operations for agricultural machinery: planning, scheduling, operating, and 
controlling (American Society of Agricultural and Biological Engineers, 2015).  Planning 
selects the system components and their predicted performances.  Scheduling determines the 
timeline for tasks to be completed.  Operating is the actual process involving both human and 
machine resources.  Controlling uses productivity measurements to provide feedback for the 
system operation.  However, compared to typical manufacturing processes, ag-based 
production involves greater risk and uncertainty due to environmental and weather factors 
(Bochtis, et al., 2014).  This uncertainty becomes another factor to weigh as decisions are 
made during the planning stages.  The risk/reward tradeoff cannot be eliminated but rather 
minimized or leveraged for other tasks.   
One of the challenges with the scheduling of biomass harvest, storage, and transportation 
activities is allocating resources that require sequential steps.  This can create multiple 
bottlenecks in the system that can slow overall production.  For example, corn harvest has 
multiple fields that are ready for harvest at the same time.  A single combine has to be 
scheduled so all fields can be harvested in a timely manner without creating wait times.  
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Early on, the combine is the bottleneck as other tasks (stalk shredding, tillage, and fertilizer 
application) cannot be completed until the crop is removed.  As the harvest season progresses 
and multiple fields are harvested, the bottleneck then can shift to human resources or other 
machinery.  Multiple fields may be ready for tillage after being harvested but personnel or 
machinery may not be available.  This problem may be overcome by planning fields within 
close proximity for harvest at a similar time.  Additionally, tillage planning may be set up so 
not all fields require the same machine operations following crop harvest.  Not all 
bottlenecks can be removed as these steps are not practical for every situation, but the 
problems can be minimized. 
Data feedback on existing systems is important to identify current baselines and find 
areas where improvement in needed.  Fleet management systems have been available in the 
transport industry to provide real time feedback on resource location and utilization.  These 
practices are being applied to the agriculture industry to monitor real time machine location 
and performance.  However, these practices have been slow in their full integration for a 
variety of reasons.  As is the case with any new system, user acceptance will play a large role 
in the integration moving forward (Gelb & Offer, 2005).   
These fleet management tools can be used on several levels.  Sorensen et al. break down 
the total supply chain into four logistical levels: in-field, inter-field, inter-sector, and inter-
regional (Sorensen & Bochtis, 2009).  In-field operations involve specific tasks of harvesting 
and tillage.  Inter-field and inter-sector operations is the managing of machines between 
fields and sequential operations.  Inter-regional operations are those tasks typically involving 
public road transportation.  Inter-regional operation would involve the transport of grain from 
field to a storage facility or cooperative.   
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Sorensen et al. further details the requirements for a fleet management system.  The 
system must be able to collect, process, and store data.  Additionally, it must be able to 
produce data and documentation that improves management.  Collection and distribution of 
data is only useful if it adds value to the process.  The correct information must be collected 
and presented in a timely manner that is easy to understand and easy to connect to current 
operations.  Data management can be implemented through a centralized or decentralized 
system.  A centralized system has the advantage of taking all aspects into account and 
providing information to all parties involved.  A decentralized system has the advantage of 
fast response and placing responsibility closer to the machine operation level.  A 
decentralized system also reduces communication.   
All of these research areas can be implemented to improve the management of machinery 
to some extent.  Many of these practices came from other areas, such as industrial 
manufacturing or transportation management.  These practices have set the foundation for 
improvements that are being implemented into biomass supply chain management.   
1.7. Biomass Supply Chain Management 
As demand for biofuel production increases, the need for low cost feedstock will become 
increasingly important.  Much work is being done in the area of biomass supply chain 
management and logistics.  A stable, low cost feedstock supply remains a challenge for 
developing a strong biofuel industry.  Significant work is being done on the high level, inter-
regional level but more work is required in the inter-field and in-field level.  The current 
infrastructure for crop production in the Midwest is based upon a single stream harvest for 
grain.  However, if the biofuel industry is to grow, a secondary supply chain will need a 
strong foundation.  Additionally, as each stage of the harvest, storage, and transportation 
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process is improved, the entire supply chain must be kept in mind to avoid sub-optimization.  
For example, in corn stover production round bales may be the lowest cost option for infield 
harvest but may negatively impact transportation costs when compared to square bale 
production.  Much of the available information is based upon small scale testing or computer 
based models.  There is still a significant amount of uncertainty and variation in biomass 
harvesting.  As more research is conducted, better information will be available to improve 
the overall efficiency and reduce cost.   
In the area of supply chain management there are three main types of decisions: strategic, 
tactical, and operational (Iakovou, et al., 2010).  Strategic decisions are focused on the long 
term and are typically make during the initial planning stages (plant location, material 
feedstock type).  Tactical decisions are intermediate timelines, typically between six months 
and one year.  These are seasonal harvest decisions made for a single harvest year depending 
on specific conditions.  These decisions would be re-evaluated after the season but would not 
necessarily carry over to another year.  Operational decisions are the short term decisions that 
occur weekly, daily, or even hourly.  Decisions such as these are made based upon changing 
conditions during the harvest season (weather, machine breakdown).  It is important to 
identify which type of decisions are being made when discussing management practices. 
De Meyer et al. conducted a review of recent literature on biomass supply chain 
management and found that the economic optimization was the most common focus (as 
compared to energetic, social, and environmental factors) (De Meyer, et al., 2014).  
Additionally, optimization models are set up to focus on long term strategy, not short term 
development.  Case study models are typically used that can provide valuable insight for 
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specific scenarios but cannot be applied to every type of biomass supply chain.  Their review 
also concludes that additional research is needed for entire supply chain optimization. 
Sharma et al. looks at various models for biofuel production and their relevance (Sharma, 
et al., 2013).  The study looks at balancing of the planning and control processes and how to 
optimize both infield operations without sacrificing plant processing efficiency.  Many 
supply chain models and studies have attempted to adapt established industry practices 
(automotive, manufacturing) to biomass supply chains but they have been unable to fully 
account for the uncertainty in biomass based economies.  This is where field data is needed 
to provide realistic values for models and cost analysis.    
A large portion of the research on biomass supply chain logistics focuses on modeling at 
the strategic operations level.  These models work well for selecting a plant location, which 
feedstock to harvest, and where to set up satellite storage locations for material handling.  
However, these models do not fully address tactical and operations level decisions.  It is in 
these intermediate and short term decisions that much of the cost associated with biomass 
harvest and transportation will be reduced.  The strategic level decisions have been made as 
the first cellulosic ethanol biorefineries have been constructed in Iowa.  However, more work 
is needed to optimize the in-field operations. 
1.8. Corn Stover Harvest  
Corn stover has been identified as the feedstock of choice for two cellulosic ethanol 
plants in Iowa (POET Biorefining and DuPont Cellulosic Ethanol).  This material is widely 
available in the Midwest as a high proportion of cropland is dedicated to corn.  Corn stover is 
the non-grain material left above ground after the grain has been harvested.  Harvesting of 
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corn stover also provides agronomic value to producers as residue management becomes a 
significant challenge.  Since corn stover is an agricultural residue, it offers the advantage of 
not removing land from current crop production. 
Much of the research in corn stover conversion to ethanol has focused on either the 
strategic level, which includes feedstock selection or plant location, or on plant processing 
conversion.  These two processes are important and require research to reduce costs.  
However, between these two factors is the in-field and inter-field level logistical challenge.  
Current machinery used for corn stover harvest is based upon forest, hay or forage harvesting 
equipment.  While these machines can be modified for corn stover harvest, they will need 
further development to improve efficiencies and quality (Shinners, et al., 2011).  The greatest 
need for continued research is in this area of in field, or operations level operations.  There 
have been some studies conducted to show what values can be expected for corn stover 
harvest productivity in terms of harvest take rates, bale density, and machine efficiency.  (In 
this literature productivity and efficiency refer to the amount of time a machine is producing 
bales divided by total on time within a given field). 
When corn stover is harvested it is typically baled into a large round or large square bale.  
Round bales are typically 1.5 m (5 ft) long with a diameter of 1.8 m (6ft) and weight 
approximately 590 kg (1300 lb) (Perlack, et al., 2005).  In Perlack’s study, a harvest rate of 
1.1 dry tons/acre was assumed with a baler efficiency of 65%.  For large square bales, 
dimensions of 2.7 m (9 ft) length and 1.2 m (4 ft) width were used with an average weight of 
590 kg (1300 lbs).  A harvest rate of 2.5 Mg ha-1 (1.1 ton ac-1) was also assumed for square 
bales with a baler efficiency of 80%.   
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Additional research has been conducted on alternative methods such as single pass 
baling.  In this process, grain and stover are harvested simultaneously as a combine pulls a 
baler behind it.  This process eliminates the need for multiple passes through a field to collect 
grain and stover.  However, there are drawbacks as single pass harvesting increases power 
requirements, lowers bale density, and creates challenges for material drying (Shinners, et al., 
2011).  In their study on single pass harvesting, Keene et al. found bale densities as high as 
207 kg m-3 (12.9 lb ft-3) could be achieved while harvesting at a rate of 1.4 Mg ha-1 (0.625 ton 
ac-1) (Keene, et al., 2012).  Baler efficiencies ranged from 73% - 80% depending on machine 
configuration.  
Additional work by Webster et al. (2010) focused on single-pass stover collection.  
Harvest rates varied from 1.6-5.4 Mg ha-1 (0.7-2.4 ton ac-1).  Average bale weights were 563 
kg (1241 lb) with a standard dry density of 156 kg m-3 (9.73 lb ft-3) (Webster, et al., 2010).  
Merging the baling and grain harvest into a single operation had a negative impact on 
machine productivity due to the higher throughput of material in the combine; at a harvest 
rate of 3.4 Mg ha-1 (1.5 ton ac-1), baler productivity was 61%.  In field harvest time was 
increased also by combining both operations due to the slower harvest speed and increased 
time to make turns upon completion of a pass through the field.  Unloading the combine 
grain on the go in the field also was slowed due to the placement of bales in the field.   
1.9. Corn Stover Supply Chain and Field Equipment 
The challenge with developing the corn stover supply chain is integrating several distinct 
stages into a single chain that delivers a usable product to the biorefinery gate.  These stages 
include feedstock harvesting and collection, storage, and transportation.  Additionally, the 
plant processing requirements for feedstock quality must be maintained throughout the 
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supply chain.  Each of the processing stages offer tradeoffs in terms of quality and cost, both 
for that specific stage and for subsequent stages.  All of the supply chain stages can be 
optimized but must not be at the expense of the overall supply chain system. 
The system being analyzed for this dissertation is a common configuration for the 
cellulosic ethanol industry when harvesting corn stover.  Corn stover is harvested by use of a 
multi-pass harvest system following the grain harvest.  A windrower passes through the field 
and shreds the standing corn stover and places it into a windrow that the baler can collect 
(Figure 2).   
 
 
Figure 1.2: Hiniker windrower 
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Typically, windrowers will be either 6 m (20 ft) or 9.1 m (30 ft) in total width.  To 
increase the material being harvested by the baler and to reduce the number of passes through 
the field, the windrowers will have a side discharge that allows for two windrows to be 
combined into a single row.  For a 6 m (20 ft) windrower, it will effectively be creating a 12 
m (40 ft) pass for each windrow created.   After the windrow has been created, the baler will 
collect the corn stover and create a bale (Figure 3).  Typically, large square balers are used 
that create bales that are 0.9 m (3 ft) tall, 1.2 m (4 ft) wide, and 2.4 m (8 ft) long.  Other 
variations exist on these dimensions but for this study only these sized bales were used.  
Large square bales offers the advantage of creating  a high density, high quality format that 
can easily be transported, stacked, and stored prior to processing at a biorefinery.  Bales 
typically weight approximately 454 kg (0.5 ton), depending upon several factors including, 
but not limited to, available corn stover in the field, moisture content, and baler operator 
settings.  
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Figure 1.3: Massey Fergusson large square baler 
The baler drops the bales in the field which requires a collection system to bring bales to 
the field edge.  A tractor-pulled bale collection system or a self-propelled system can be used 
for collecting bales and stacking at a field edge storage location (Figures 3 and 4).  Unlike the 
windrowers and balers, the stacker does not have the ability to increase bale quality or 
density.  If the stacker settings are incorrectly set or the operator is not properly trained, bales 
may be damaged.  For example, if bales slid on the ground, strings may break and weaken 
the integrity of the bale.  Once bales are stacked at a field edge location, they will need to be 
transported to either a satellite storage facility or directly to the biorefinery.   
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Figure 1.4: Morris ProAg Stacker (pull behind) 
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Figure 1.5: Stinger bale stacker (self-propelled truck) 
Bales are typically transported by use of semi-trucks.  Depending on state Department of 
Transportation (DOT) regulations and truck configurations, 36 or 39 bales can be transported 
in a single load (Figure 6).  Creating and maintaining high density and high quality bales is 
important because several pieces of equipment will handle the bale between the field and the 
biorefinery.  If bales are stored at a satellite storage facility, a bale can be handled 5 times 
from the time it leaves the field to the time it reaches the biorefinery.  Each time a bale is 
handled there is a risk of damage being done.  Creating high quality bales increases the 
likelihood that bales will arrive at the plant in a useable form.  Because of the high number of 
machines used to create, transport, and store the bales, the system must be integrated to 
create an efficient supply chain.  Each stage of the supply chain impacts the subsequent 
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stages and cannot negatively impact the overall process.  The windrower needs to make 
appropriately sized windrows for the baler to collect.  The baler needs to create uniform bales 
that can be handled by stackers and semi-trucks.   
 
Figure 1.6: Semi-truck being loaded from field edge storage 
1.10. Knowledge Gap Analysis 
While there is information regarding in field performance of single pass baling 
operations, there is relatively little available for multi-pass baling operations.  Shah reports a 
baler machine productivity of 50% for a three pass harvest system (grain harvest, 
windrowing, baling) (Shah, 2013).  Shas arrives at these figures assuming a harvest rate of 
3.6 Mg ha-1 (1.6 ton ac-1) was used with a bale density of 167 kg m-3 (10.4 lb ft-3).  These 
values are based upon observed harvest operations and sensitivity analysis of harvest 
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parameters.  A techno-economic analysis of a commercial scale cellulosic ethanol plant 
found that bale density and harvest rate had the greatest impact on cost of delivered stover.  
Other factors that impacted cost included machine productivity (baler, windrower, stacker), 
fuel consumption, and grain yields.  Bale density can be increased but reaches a mechanical 
limit of what a baler can produce.  Additionally, harvest rate within a field is greatly dictated 
by grain yield and the available corn stover for harvest. 
Research in the area of biomass harvest logistics, specifically in corn stover harvest, has 
provided valuable insight on realistic targets for commercial scale operation.  The strategic 
research has optimized biorefinery plant size and satellite storage locations to minimize cost.  
However, much is still unknown about the field level operations level.  As industries seek to 
reduce cost and improve daily operations, more information will be required.  Finding the 
areas of inefficiency is the first step before improvements can be made.   
Improving machine productivity while maintaining feedstock quality will be essential to 
lowering production costs.  For this study, machine productivity is defined as the time 
equipment is in a productive state.  For balers, this is any time that the baler is producing 
bales.  In order to improve machine productivity, it is required to know the factors hindering 
performance and to know what realistic performance can be achieved.  There will always be 
associated idle time where the machine is running but in a non-productive state.  Tractor 
start-up and cool down, waiting on other equipment, or performing machine inspection will 
be instances where idle time is accumulated.  Because of this, a 100% productivity 
performance cannot be achieved.  However, the objective is to identify what the target 
productivity should be.  While there are idle times that cannot be eliminated, there exist 
inefficiencies that can be overcome in improve overall performance.    
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Much of the knowledge gap exists in the increase in scale as harvest operations reach 
commercial scale levels.  As the scale of the harvest operation increases, the number of 
machines required increases, resulting in a greater need for fleet management.  On a single-
field harvest scale, there are few decisions to make regarding machine allocation and 
scheduling.  Increases in harvest region, total acres, and machinery will increase the 
complexity of machinery interaction.  Additionally, machines operating with low 
productivity will increase overall machinery requirements and potentially increase the length 
of the harvest season.  This will increase cost to the overall supply chain.   
Additionally, research is also required in the area of machine allocation for in-field 
operations.  As the number of fields to harvest increases, it becomes increasingly important 
to properly distribute machines.  The scheduling and routing of equipment greatly impacts 
the time required for harvesting.  The scheduling is further complicated by uncontrollable 
factors such as weather events and field conditions.  Management practices differ when there 
is ideal weather conditions compared to less than ideal weather.  Within the Midwest, 
inclement weather is a frequent occurrence as rain and snow limit the available harvest days 
between September and December. 
Observations on biomass harvest operations also show that there is a social factor 
involved in how equipment is distributed within a given harvest area.  A harvest crew with 
multiple windrowers and balers can manage equipment in several ways.  Machines are 
typically run in tandem with multiple windrowers and balers operating simultaneously within 
a single field.  There are relatively few established guidelines for assigning of machinery to 
fields.  Inputs of field conditions, distance to available harvests, and pending short term 
weather all impact how machines are distributed.  However, past crew management 
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experience and preference is also a factor on how machines are managed.  From a logistics 
perspective it is easiest to allow machines to travel in groups.     
1.11. Objectives of the Dissertation 
The main objective of this dissertation is to review the current management practices 
associated with corn stover harvest for a commercial scale cellulosic ethanol biorefinery.  A 
multi-level approach is used to evaluate the supply chain using both high level system 
analysis and also field-level data.  A commercial scale cellulosic ethanol plant requires 
several stages of material handling included the collection, transportation, and storage of 
material prior to plant processing.  This dissertation identifies the critical factors that impact 
harvest efficiency and productivity.  These critical factors are used to reduce harvest cost and 
minimize operations variability.  The main objective has been accomplished through the 
following two objectives: 
1. Analyze the techno-economics of in-field biomass production system using 
production-scale field data collected from a central Iowa first-generation cellulosic 
ethanol biorefinery. 
2. Apply Key Performance Indicators (KPIs) to increase the machinery productivity and 
efficiency for a first-generation cellulosic ethanol biorefinery based in Iowa. 
 
1.12. Dissertation Organization 
This dissertation is organized into four chapters.  The first chapter includes overall 
background pertaining to this research.  U.S. biofuels production policies and mandates are 
discussed, including the Renewable Fuels Standard (RFS) and subsequent policy updates.  
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Research in the area of corn stover harvest, collection, and storage is analyzed in order to 
target key knowledge gaps in the supply chain.  A description of a commercial scale harvest 
operation is presented in detail including the machinery required to harvest corn stover as 
large square bales.  The supply chain for corn stover harvest is a relatively new market and 
will require significant efforts to improve machinery productivity and feedstock quality.  The 
need for an evaluation method is presented in the form of Key Performance Indicators 
(KPI’s), which will quantify the performance of harvest machinery, recognize quality metrics 
of harvest feedstock, and will identify areas of potential improvement.   
The second chapter of this dissertation addresses the first objective of this research, 
which is to analyze the techno-economics of in-field biomass production system using 
production-scale field data collected in central Iowa.  This chapter analyzes required 
production equipment and creates a cost model to quantify critical factors.  These critical cost 
factors are analyzed and ranked in order to show the degree of impact each factor has on the 
overall supply chain system.  These costs will serve as a baseline to compare future harvest 
configurations against.  From this cost analysis, a detailed description of key knowledge gaps 
is identified to show where potential improvements exist.  A detailed strategy for cost 
reduction is also presented for future harvest seasons and serves as the foundation that future 
supply chain improvements can build upon.   
The third chapter of this dissertation addresses the second objective of developing Key 
Performance Indicators (KPI’s) that will be used in reduce supply chain costs.  The KPI’s 
will be used to analyze individual supply chain stages, such as baling, and also overall supply 
chain cost for total in-field harvest operations.  This chapter will use the techno-economic 
analysis of Chapter 2 and the identified strategies for reducing cost.  Chapter 2 identifies the 
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open loop supply chain while Chapter 3 uses the developed KPI metrics to close the loop by 
providing feedback regarding system performance.  The degree of impact of the KPI metrics 
is discussed in order to rank overall system sensitivity.  A techno-economic analysis is 
provided in order to show KPI influence on cost reduction.  Further cost reduction strategies 
are presented as well as any additional KPI metrics that required development.   
The fourth chapter of this dissertation is the final summarization of the main findings of 
this dissertation research.  The chapter identifies remaining knowledge gaps and details 
suggestions for future research in the area of supply chain management for corn stover 
harvest. 
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CHAPTER 2. TECHNO-ECONOMIC ANALYSIS OF IN-FIELD BIOMASS 
PRODUCTION SYSTEM 
2.1. Introduction 
Corn (Zea mays L.) stover has received great interest as a potential feedstock for biofuel 
production.  This material, which is comprised of cobs, husks, stalks, and leaves left behind 
after grain harvest, can be collected and used in the production of cellulosic ethanol.  It is 
estimated that the United States produces 196 million Mg of corn stover on an annual basis 
(Graham, et al., 2007).  The updated billion ton study (BTS) has predicted that corn stover 
potential can increase from 2012 levels of 77-138 Mg (85-153 million dry tons) to 140-271 
Mg (127-249 million dry tons) by 2030 (Perlack, 2011).  Corn stover is not the only available 
cellulosic feedstock available for harvest but it is one of the most abundant and readily 
available for use.  Two cellulosic ethanol plants in Iowa, POET Biorefinery and DuPont 
Cellulosic Ethanol, have been constructed and will serve as the first commercial scale 
biorefineries.  Both plants will use corn stover harvested from the surrounding area and will 
produce 25-30 million gallons per year (MGY).  Grain based ethanol production has been 
prominent in the United States over the past two decades and cellulosic ethanol production is 
viewed as a viable second-generation biofuel to offset traditional gasoline consumption.   
Cellulosic ethanol can utilize a variety of feedstocks beyond corn stover, including 
switchgrass, miscanthus, and woody biomass.  Because of this flexibility in feedstock 
sources, cellulosic ethanol plants can be operated in a variety of locations.  Using feedstocks 
such as corn stover or woody biomass waste products utilizes existing feedstock sources 
without sacrificing current crop production.  For corn production, residue management has 
become an increasingly important task as crop yields, and subsequently residue intensity, 
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increase.  Studies have shown that partial harvest of corn stover can be used as a 
management technique (Jeschke & Heggenstaller, 2012).  Once production reaches 
commercial scale levels, the cost of producing second generation cellulosic ethanol is 
expected to be competitive with costs of traditional gasoline production (Greene, 2004).  
Lynd also shows that cellulosic fuels have the potential to reduce greenhouse gas emissions 
(Lynd, 1996).   
While corn stover offers tremendous potential as a cellulosic feedstock, there are also 
several challenges.  Biomass in general is a low density material that requires densification to 
effectively transport and process.  This densification process is typically achieved by baling 
of material.  Once material is harvested, it must be transported to a storage location or 
directly to a biorefinery.  If material is not processed immediately, it may require storage for 
several months until it is processed.  The material quality must be preserved through all of 
these stages to ensure a high quality, high density product reaches the biorefinery. 
Scaling up the harvest operation to meet commercial scale demands will require 
significant efforts in several key areas of the harvest supply chain.  Increasing bale density 
and machine productivity are vital for reducing operating costs.  Management of harvest 
machinery will also be important as commercial scale harvest requires a significant number 
of machines and personal.  Techno economic studies have been performed to analyze the 
overall operation of commercial scale second generation biorefineries.  An integrated 
biomass supply analysis and logistics model (IBSAL) has been developed to take input 
factors of weather, biomass quality, and machinery performance to estimate operating costs 
(Sokhansanj, et al., 2008).  Other factors such as greenhouse gas emissions and energy use 
are also considered.  Cost of harvest and delivery of corn stover from field to biorefinery 
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vary depending on the input factors.  Sokhansanj et al. have estimated the cost of 
windrowing, baling, stacking, and transporting to biorefinery to be 40.8 $-Mg-1 (37.0 $-ton-1) 
(Sokhansanj, et al., 2006)   
Studies have also been conducted which can utilize multiple feedstocks.  This will require 
a change in supply chain format as additional pretreatment stages of grinding and 
densification are required prior to transportation of material to a biorefinery.  The “uniform-
format” analysis was developed as a multiplatform study which also included the use of large 
square corn stover bales (Hess, et al., 2009).  For a farm-to-gate harvest system, which 
includes harvest, collection, storage, transportation, handling, and grower payment, the 
predicted average cost was 65.6 $-Mg-1 (59.5 $-ton-1).   
A study by the Idaho National Laboratory (INL) developed an integrated model using 
field and demonstration scale (PDU) data for corn stover harvest.  The report investigated the 
operating parameters of transportation efficiency, reduction in dry matter loss through 
strategic storage practices, and improved preprocessing (INL, 2012).  The focus of the study 
was on the overall supply chain and how to implement best practice management strategies 
in order to reduce cost.  A total harvest cost of 38.43 $-Mg-1 (34.86 $-ton-1) was reported for 
this study. 
As cellulosic ethanol production reaches commercial scale, additional work is required in 
the area of machinery management practices.  A large fleet of equipment will be utilized to 
cover a large harvest radius in a short, and often times, weather-limited harvest season.  
Timely data feedback and efficient resource scheduling is needed to ensure material is 
harvested at a low cost.  It is difficult to create an exact set of rules for harvest of biomass 
due to the complex interactions of weather, market fluctuations, and field conditions.  
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Management practices must be a framework that is consistent throughout the entire supply 
chain process.  As stated by Sorensen et al., “agricultural fleet management is viewed as 
farmer’s or machine contractor’s decisions-making concering, for example, resource 
allocation, scheduling, routing, and real-time monitoring of vehicles and materials” 
(Sorensen & Bochtis, 2009).  This shows that fleet management involves all aspects of 
scheduling, is dependent upon real-time status updates of machinery performance, and that 
decisions are user specific.  Much of the activities in agricultural production are based upon 
experience and firsthand knowledge of what techniques are most beneficial for a specific 
operation.  However, there are guidelines that can be established to drive operations towards 
higher productivity and profitability.     
Fleet management can be categorized as four logistical levels: in-field, inter-field, inter-
sector, and inter-regional (Sorensen & Bochtis, 2009).  In-field operations include the 
windrowing, baling, and collection of corn stover.  Inter-field and inter-sector operations 
involve the management of machinery between fields and scheduling of operations.  Inter-
regional operations involve the transportation of bales from field to storage or biorefinery, or 
from storage to biorefinery.  Not all of these logistical levels have the same flexibility as 
design parameters dictate the supply chain operation.  For example, in-field operations can 
quickly be adjusted to compensate for field conditions and weather events.  The location and 
management of storage facilities for corn stover bales are determined well in advance during 
the initial biorefinery planning stages and cannot be adjusted mid-season, or even between 
harvest seasons.   
To make real-time decisions about harvest operations, real-time data must be made 
available.  The effectiveness of collected data is measured by the ability improve 
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management decisions and the improvement made to operations.  Data management can be 
implemented through either a centralized or decentralized system (Sorensen & Bochtis, 
2009).  A centralized system has the advantage of taking all aspects of the operation into 
account and providing thorough descriptions of all activities.  While more complete, this 
system can experience delays in the time required to collect data and provide analysis.  A 
decentralized system, while less complete, can provide analysis for critical data more 
quickly.  The type of data management system is largely dependent upon the type of supply 
chain and the type of information being used.  For bale quality metrics, such as bale density 
or moisture content, a fast response system is required.  Field-to-field conditions change 
rapidly, even in-field conditions can vary from beginning to end of individual field harvest.  
Bale quality is typically used as a metric to evaluate harvest operations.  Low density may 
indicate that machine settings are not properly set and adjustments are required.  Bale density 
is time sensitive as receiving bale density analysis a week after a field has been completed 
will provide little value to machine operators. 
Supply chain management can also be analyzed as three distinct types: strategic, tactical, 
and operation (Iakovou, et al., 2010).  Strategic decisions are focused on long term operations 
and are made during the initial planning stages.  Determining the location of a biorefinery 
and the type of feedstocks to be harvested would qualify as strategic decisions.  These are the 
constraints that are established early on and dictate the design of the harvest supply chain.  
Research and background information is required for these planning stages and typically are 
driven by the business objectives of a planning committee. 
Tactical decisions involve the planning stages that occur on a six to twelve month 
timeline.  This would include decisions specific to a single harvest season and are meant to 
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be evaluated at the completion of each harvest season.  Selection of machinery, methods for 
transporting and storing feedstock, and delivery schedule to the biorefinery would be 
included as tactical decisions that can be adjusted for each harvest season.  Tactical decisions 
are the link between long-term strategic decisions and the day-to-day operational planning 
stages.  Research in this area has been conducted to look at the baling strategies of multi-pass 
harvest configurations or single-pass harvest (Rentizelas, et al., 2009) (Shinners, et al., 2011) 
(Shah, et al., 2011).  Data can be collected across an entire harvest season and provide insight 
on what machinery to use the following season.  
Much of the needed work for corn stover harvest supply chains is in the operational 
stages.  These are the day-to-day decisions that must be made based upon in-season 
conditions that can quickly change.  Harvest parameters include the amount of material 
harvested from individual fields, the number of machines required to harvest a specific field, 
the acceptable moisture content that material can be harvested at, and the acceptable starting 
time for daily operation.  These factors are just a few of the daily decisions that must be 
made in order to increase productivity, quality, and overall supply chain performance.  
Compared to environmental and social factors, economic optimization has been the most 
common focus of recent literature on biomass supply chain management (De Meyer, et al., 
2014).  For economic optimization of a commercial scale cellulosic biorefinery, Shah 
concluded that baler field efficiency has the greatest impact on baling costs of corn stover 
(Shah, 2013).  It is because of this importance on in-field operations that additional 
commercial scale studies are required.  Relevant data may be collected on single field or 
small scale operations, but the field-to-field interactions on a commercial scale harvest 
dramatically change the management practices.  Managing of multiple machines, across 
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multiple harvest crews coving several thousand hectares of available feedstock requires an 
understanding of operations at all levels. 
2.2. Objectives 
The objective of this research is to analyze the techno-economics of in-field biomass 
production system using production-scale field data collected from a central Iowa first-
generation cellulosic ethanol biorefinery.  The analysis will build upon existing techno-
economic studies and address key knowledge gaps in order to gain greater insight into the 
development of a commercial scale biorefinery.  The supply chain for a cellulosic ethanol 
biorefinery is complicated and involves several components including, but not limited to, 
harvest of feedstock material, transportation, storage, and processing.  This study looks 
specifically at the in-field operations of material windrowing, baling, and collection of 
material for field edge storage.  Other supply chain stages of transportation and storage are 
referenced due to their importance on the design and implementation of harvest techniques 
but will not be analyzed in depth to the same extent as in-field operations. 
Previous studies have sought to develop working techno-economic models that use 
expected values for input factors.  However, many of these studies do not fully investigate 
the input factors that drive the supply chain system.  The cellulosic biomass supply chain, 
specifically for corn stover, is a complex interaction of variables that require constant 
adaptation to changing harvest conditions.  Additionally, the degree of interaction between 
input variables leads to concessions regarding feedstock harvest rates and quality.  An 
example of these trade-offs between desired outcomes exists between harvest rates and 
material ash content.  In order to increase the harvest rate of material, i.e. harvest a greater 
portion of material available within a given harvest area, more aggressive harvest settings are 
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required by the harvest equipment.  This can lead to an undesirable increase in ash content of 
harvested material as more soil and debris will be collected with the material.     
This study looks at a variety of these relationships in order to determine practical 
operating parameters based upon both empirical and analytical analysis.  The intention is to 
reconcile data analysis of a large-scale dataset collected across an entire harvest season for a 
production-scale harvest operation with the observed operating practices of actual 
commercial harvest crews.  Making decisions based solely upon analytical models will result 
in outcomes that are neither entirely practical nor economically viable.  Likewise, basing 
decisions entirely upon observed practices without using data analysis will ignore the deeper 
interactions of the harvest supply chain.  It is important to use the available data along with 
the actual harvest operating constraints to determine actual operating costs. 
There are instances where the empirical observations and analytical examination seem to 
oppose one another.  It is in these cases where additional research is required to determine 
the best harvest practices to maximize productivity and reduce costs in a means that is 
practical and realistic for a harvest crew.  One of the areas where discrepancies exist is in 
determination of necessary equipment for harvest within a single field.  It is common practice 
for multiple balers to be operating within a single field in order to complete harvest more 
quickly.  The rational is to use available resources to reduce the amount of time required to 
complete individual fields.  However, data presented will show that there is a negative impact 
on the productivity of each machine if excess equipment is used.  The logistics within a 
single field become more complicated and additional planning is required to keep individual 
machines operating at maximum efficiency.  While the field conditions, impending weather, 
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and harvest schedule will dictate the number of machines required to harvest a field on time, 
there exist the need for guidelines on appropriate balers per field based upon field size. 
2.3. Methodology 
The in-field harvest operations are the starting point of the corn stover harvest supply 
chain.  These are the first stages where the corn stover is harvested and packaged into a unit 
for storage, transportation, and eventually, processing at a biorefinery.  Corn stover is 
typically harvested as large square bales that make for easier transfer of material from the 
field.  For this study, the in-fields operations evaluated include the windrowing, baling, and 
stacking of large square bales.  These three operations must be coordinated so as to avoid 
bottlenecks in the supply chain, causing equipment inefficiencies, queue times, and loss of 
potential harvest days.  Each operation is performed independently but must be accomplished 
in order of material shredding and windrowing, baling, and stacking. 
2.3.1. Data collection 
Data for this study was collected during the Fall of 2013 harvest season from a near-
commercial scale harvest operation of approximately 25,000 hectares (80,000 acres).  This 
harvest scale was used as part of a multi-year ramp up to a full production scale harvest that 
will require 80,000 hectares (200,000 acres) to supply a 30 million gallon per year (MGY) 
cellulosic ethanol biorefinery.  Operating at this scale allows for data to be collected on a 
large enough scale to evaluate the field-to-field interactions between harvest equipment.  
Single field or small scale harvest operations do not create the same scheduling challenges as 
commercial scale operation.  Management decisions surrounding the allocation of machinery 
and the scheduling of field harvest across multiple fields will be a critical factor for 
commercial scale operations.  Additionally, multiple harvest crews were used to accomplish 
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the harvest operations.  This allowed for data collection and observations on varying methods 
of management.  Comparisons were also made between crews regarding their machinery 
performance including daily bales produced and daily productive time.   
Bale quality was also analyzed by taking in-field samples from harvested bales.  The 
moisture and ash contents were calculated by processing samples through a lab.  Material 
samples were dried using a modified procedure based on the ASABE Standard S358.2 to 
calculate moisture content (Schon, 2012).  The ash content was calculated by placing 
samples in a muffle furnace and weight the final remaining sample (Schon, 2012).  Knowing 
these quality metrics combined with the machinery telemetry data, other metrics such as bale 
density and material harvest rate were calculated.  These machinery and bale quality metrics 
were reported to the harvest crews on a weekly basis to provide feedback on field conditions 
and resulting machinery settings.  In field adjustments of the machinery were made based 
upon these field reports.  Additionally, these reports helped to identify low performing 
machines due to sub-optimal settings or mechanical breakdowns of machines.   
Machine data was collected from harvest machinery using telemetry data collection units 
developed at Iowa State University in connection with Rowe Electronics (Norwalk, IA).  
These telemetry units collected data from the machine Controller Area Network (CAN) bus.  
The data loggers were capable of collecting any information transmitted across the CAN bus 
including, but not limited to, engine speed, engine load, fuel consumption, and groundspeed.  
Implement data was also collected from the ISOBUS network.  This was used primarily for 
baler data such as PTO speed, flake counts per bale, and bale counts.  The SAE J1939 
protocol for CAN network communication regulates data transfer and allows for 
compatibility across major manufacturers.   
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These telemetry loggers were designed as standalone units that plugged into the tractor 
CAN bus and recorded specific messages (Figure 2.1).  These data points were collected on 
15 second intervals and were associated with a timestamp and GPS coordinate.  With this 
information, the data was geofenced to categorize data by field location.  Once collected, the 
data was transmitted via cellular network to a central data storage center.  The data was 
accessible for in-season and post-season harvest analysis.  The data was also used to 
determine instantaneous machine status for each data packet transmitted.  When the machine 
was turned on, it was classified as one of three statuses: productive, idle, or transportation.  
These statuses were based upon machines meeting thresholds for engine speed, PTO speed, 
and groundspeed (Covington, 2013).   
 
Figure 2.1: Data collection telemetry unit 
Data was collected on in-field machinery in order to analyze machine productivity and 
bale quality metrics.  The economic model created a cost breakdown for each activity 
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including windrowing, baling, and stacking of large square bales.  The techno-economic 
analysis was determined on a per ton basis to compare between the separate harvest 
activities. 
The economic model was developed in order to analyze individual harvest operations as 
well as the entire supply chain cost.  Each stage of the supply chain is dependent on 
parameters of previous stages and will impact performance of succeeding stages.  The goal of 
this techno-economic analysis was to capture the individual stages of harvesting and 
determine the input factors which influence performance.  It is also critical to determine 
which input factors are controllable and to what extent they impact the overall cost.  A 
sensitivity analysis was performed on these factors to determine the impact on individual 
supply chain stage costs as well as overall cost.  Certain input factors will have an impact on 
the supply chain economics but will not be fully controllable.  The harvest window is the 
total time a machine is in productive status during the harvest window.  This impacts overall 
costs as it influences total material harvested and labor costs.  However, the total harvest 
window is partially dictated by available harvest area and the weather events.  These weather 
events are uncontrollable but influence the available harvest season.  The input factors, 
including harvest window are further discussed in greater detail below. 
2.4. Harvest Cost Model 
Data was collected from harvest machinery including windrowers, balers, and stackers.  
The information was used to develop an economic cost model that analyzed the infield 
harvest system for a multi-pass operation.  Costs were broken down by equipment type and 
evaluated both the material quality factors, such as bale density and harvest rate, and also the 
machinery performance factors of productivity and total operating hours.  While the machine 
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types were evaluated independently of one another, certain factors were used for multiple 
machinery type.  Bale density was used to evaluate baler performance but the resulting data 
was also used for determining windrower material throughputs.   
2.4.1. Windrowing  
The windrower is the first piece of machinery typically used in a multi-pass harvest 
system.  After grain harvest there is corn stover material left in the field both as loose 
material and as remaining stalks that are rooted in the soil.  As the windrower passes through 
the field, the corn stover material in the field is chopped into smaller pieces that can be 
compressed into bales.  As the material is shred into smaller particles it is then returned to the 
ground as a single windrow of material that can be collected by the baler.  Several factors are 
evaluated for the windrower to determine overall productivity.   
For this analysis, the windrowers used were flail type which shredded the corn stover 
material and created a windrow in one single pass.  The windrowers used were 6 meter (20 
ft) wide with a side discharge.  Two windrower passes were used to create a single windrow 
of material.  This reduced the number of passes required by the baler through the field and 
the greater volume of material helped to increase the material throughput of the baler.  A 
variety of tractors were used to power the windrowers with power ratings ranging from 145 
to 216 kW (195 and 290 hp, respectively).  Power requirements for windrowing operations 
are lower than that of the baling operation.  The variation in tractor size was due primarily to 
the consideration of resale value.  Following the harvest season, the majority of leased 
tractors were sold through local equipment dealerships.  By diversifying the equipment fleet, 
the resale value and likelihood of short sale times were increased. 
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2.4.2. Mass throughput capacity 
Mass throughput capacity of the windrower was measured as the windrower mass 
throughput on a per hour basis.  This is the total flow of material through the windrower 
when it is in a productive status.  The mass throughput capacity is an important measurement 
because it serves as an indicator of windrower performance and field conditions.  The total 
material through the windrower is calculated by analyzing bales after they have been 
harvested.  Knowing the total windrower productive time, the total material harvested can be 
used to determine the mass throughput.  The total bales produced is the sum of all bales 
produced with in a given field.  The bale count is recorded on every baler within a field.  
Bale production was summed across the entire field, regardless of the total number of balers 
within a given field.   
The standard bale weight is an adjustment factor used to correct the reported bale weight 
for moisture content and ash content.  Moisture content within a bale adds non-stover weight 
to the bale that will distort the bale density if not corrected for.  The standard bale weight 
(Mg) is corrected to 0% moisture.  Ash content is the collection of foreign material in the 
bale including soil, rocks, and debris.  The ash content has a smaller overall impact on the 
bale density compared to moisture content but still needs to be accountant for.  For this 
analysis, standard bale weight was corrected to 8% ash content. 
Once the total tons within the field is calculated, that value can be divided by the total 
productive time (hr) within the given field.  It must be noted that if multiple windrowers are 
present within the field, the total sum of productive time must be accounted for.  Since 
standard bale weight is calculated on a field level, the total mass throughput capacity is an 
average across all machines.  However, machines operating within the same field typically 
49 
 
have similar operating settings and should not vary greatly in productivity.  With total 
material and total productive time within a field known, the mass throughput capacity can be 
calculated as: 
 
Mass Throughput Capacity (Mg hr-1) =  
(Mass Harvested)/(Total Production Time) 
2.1 
 
Mass throughput capacity is also an important factor that can be used for matching of 
machines across different operations of windrowing, baling, and stacking.  This is important 
for keeping machines operating at the highest productivity.  For the harvest season the mean 
mass throughput capacity was 13.9 Mg hr-1 (Figure 2.2).  Several factors determine the mass 
throughput capacity of the windrower including the available stover material, groundspeed, 
windrower height, and windrower PTO speed.  Knowing the expected harvest rate of the 
windrower assists in determining total machinery needs for the season based upon total 
harvest area and expected available stover.  This also is used in determining the number of 
balers required for a harvest and the ratio of windrowers and balers used.     
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Figure 2.2: Windrower mass throughput for harvest season 
 
There are methods for increasing the mass throughput capacity but several factors limit 
the maximum material that can be harvested.  Increasing the groundspeed of the machinery 
will increase the total area per hour harvested but it does not necessarily increase the harvest 
rate.  Windrowing of the corn stover does not always involve direct contact of the material on 
the ground and the knives.  As the windrower passes over the crop, the taller standing stacks 
will be cut by the rotating knives and collected into the windrow for baling.  However, there 
is also material that has already been chopped by the combine during grain harvest that 
remains on the ground.  As the windrower passes over, a portion of that material is pulled up 
into the windrower due to the air movement and suction created by the rotating knives.  If the 
groundspeed of the windrowers is too fast, that material will not be collected.  While the total 
area per time will increase, the resulting mass throughput will be reduced.  Adjusting the 
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windrower height can also help to maximize material collection depending on windrower 
groundspeed. 
The issue of bale quality becomes a factor when considering material throughput and 
groundspeed.  As stover is harvested more aggressively, there is greater potential for 
increasing ash content of the stover.  As a greater portion of the remaining corn stover on the 
ground is collected, more of the soil and debris is collected as well.  The total material 
harvest rate can be increased but the tradeoff is that ash content will also increase.  The 
increase in ash content will not have a direct impact on the infield operations of baling but 
can significantly impact the processing of material at the biorefinery.  According to Muth, the 
desired ash content for biochemical conversion of biomass is less than 7% (Muth, 2013).  
Based on reported grain yields for individual fields, the expected available stover content 
could be calculated from the harvest index for grain (Pennington, 2013).  From the reported 
stover collected, the fraction of material harvested from the field could be calculated, 
typically between 30%-50% of available stover.  From the plot there is an increase in stover 
ash content as the total portion of material harvested increases (Figure 2.3).   
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Figure 2.3: Stover ash content compared to percent of available stover harvested 
 
 One of the limiting factors to the amount of stover harvested is the total amount of 
stover present in the field.  With lower grain yields, the available stover yield will also be 
expected to be reduced.  Target harvest rates are determined prior to season harvest based 
upon field conditions and sustainability reports.  Acceptable harvest rates of 2.5-5.4 Mg ha-1 
(1.1-2.4 ton ac-1) have been reported as sustainable targets for corn stover harvest (Perlack 
2005, Webster 2010).  In fields with low yielding stover material, a higher portion of material 
will need to be harvested to reach target harvest rates.  The higher harvest rate may result in 
increased ash contents and hurt overall supply chain economics.  Ash content within the corn 
stover material is typically removed during the pretreatment stage or during the distillation 
process (Tong, et al., 2012). 
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2.4.3. Productivity 
Productivity is the measurement of time the windrower is in a productive state.  The 
telemetry loggers reported all time that the windrowers are in operation.  A status indicator 
was sent with data packets to show if the windrower is in operation (productive), turned on 
but not productive (idle), or in transportation between fields.  The productive status served as 
a correction factor for the mass throughput capacity value.  While the mass throughput 
capacity factor gives a value for total quantity of material windrowed in an hour, the 
productivity factor adjusts for a true capacity factor.   
The productivity value is important because it is an assessment of how well utilized a 
machine is during the harvest season.  Low productivity indicates that the machine is turned 
on but is not being productive.  Not only is the machine not adding value to the overall 
supply chain, it is actually adding cost in the form of fuel, labor, and rental costs.  There are 
instances where idling is acceptable, such as short waiting periods where full machine 
shutdown is not required.  However, it is the longer periods of time where the machine is 
idling that indicate inefficiencies.  Unlike the baler, there are few instances where 
adjustments are needed for the windrower when the machine does not need to be turned off.  
The mean windrower productivity was 68% for the 2013 harvest season (Figure 2.4).  Each 
day, the total productive time was calculated along with the total idle and transportation time.  
From this data a total machine on time was calculated and used to determine the overall 
productive percentage for each day. 
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Figure 2.4: Season productivity percentage for windrowers 
 
Productivity indicates the usage of the machines and how efficiently it is being used 
while running.  The greater the productivity of individual machines, the greater the overall 
productive time.  Increasing the productivity time of individual machines will also reduce the 
number of machines required for the harvest operation.  In theory, two windrowers running at 
a 66% productivity will be able to accomplish what four windrowers running at 33% can 
accomplish.  Reducing the overall equipment requirements for a harvest season will decrease 
the opportunity costs of the harvest supply chain and the upfront capital cost. 
The productivity of the windrowers can be used as an indicator of other factors that may 
be limiting the performance of the machine.  Machines with low productivity will have a 
higher idle time where the machine is not adding value to the supply chain.  This also 
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increases costs by using excess fuel, increasing tractor rental costs, and increasing operator 
payment.  The primary way to reduce the idle time of the machine is to turn the tractor off 
whenever the machine is stationary.  Typically, there are few instances where the windrower 
will be required to be stationary but require the engine to be running.  This is less of a 
machine setting adjustment and requires a change in operator practices.  When the machines 
are parked for a short period of time, it is common to leave engines on to reduce the starting 
and stopping of the engine between every period of movement.  By training operating crews 
to turn the machine off when it is not in use the machine productivity will increase. 
The means of reducing machine idle time is to reduce the number of stops the machine 
makes while harvesting material.  When a machine is making several stops within a field, it 
is an indication that some factor is hindering the operation.  If the machine is repeatedly 
breaking down, it is likely that an operator setting needs to be changed.  The windrower uses 
a series of knives that rotate to chop the corn stover material.  If knives break, the windrower 
can be come unbalanced and limit the production or require replacement.  An adjustment to 
the windrower height or groundspeed may be needed to prevent further breakdowns.  Other 
potential breakdown types include breaking of shearbolts.  This can be due to the windrower 
auger being overloaded with material.  This can be caused by running at too high of a ground 
speed and harvesting more material than the windrower can process.  When the field 
conditions are too wet the material is also more likely to plug the machine and cause excess 
shearbolt failures.   
Increasing the overall productivity of the windrowers will be achieved by improving the 
underperforming harvest days, especially those below 50%.  The machines operating above 
70% productivity will have more difficulty increasing productivity compared to those 
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machines operating below 50%.  There is a drop off in machines that operate above 80%, and 
based upon observations of high performing machines, it is difficult to maintain 
productivities above this value.  There will always be instances where the machine is idling.  
Decreasing the variations in machine productivity will improve the overall supply chain 
performance and help to reduce costs. 
2.5. Windrower Productive Time 
The productive time is the total number of hours that a machine runs during the harvest 
season.  This value shows the potential that a machine has to be used during the harvest 
season.  The longer the harvest window, the more a machine is being used during a given 
year.  Increasing the harvest window will increase the value being received from a machine.  
The more a piece of equipment can run during a given year, the more material that can be 
harvested.  When calculating operating costs on a per ton basis, the increase in total operating 
time will further increase the total harvested material.  The increase in total material will aid 
in lowering harvest costs as these are dependent upon total material throughput. 
The harvest window is similar to the productivity metric in that it evaluates the usage and 
potential value of a machine.  The machine productivity compares the amount of time a 
machine is being productive compared to the total time a machine is running.  The higher the 
productivity value, the greater value of the machine for the time that it is running.  The 
harvest window value is similar in that it gives a total time that a machine is running for a 
harvest season.  The difference compared to the productivity value is that this is reported as a 
total time (hr) rather than as a percentage.  This is because the total available potential time 
for operating is difficult to calculate.  While it is possible to take the total number of days 
between the start and end of harvest and multiple by an available daily working time 
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(possibly 8-12 hr) to get a total potential working time, this is an over simplification.  Several 
factors will limit the available working time during the fall harvest.  Weather events will 
reduce the potential working time for machinery during the harvest by creating unsuitable 
field conditions.  Additionally, even if field conditions are suitable for harvest operations, it 
is possible that fields may not be available for harvest.  The stover harvest operation follows 
the corn grain harvest and must wait until operations are complete.  Each data point was the 
total productive time for each individual machine with the data ranging from 3-160 total 
productive hours (Figure 2.5).  This indicates that during harvest operation, there is a wide 
range of working hours for each machine.   
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Figure 2.5: Total season productive hours for windrowers 
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The harvest window value is best used as a relative comparison between machinery.  By 
comparing the harvest window for all windrowers, the usage for each individual piece of 
machinery can be compared.  This is helpful to identify machinery that is being underutilized 
during the harvest season.  Machinery can be underutilized for a variety of reasons.  Excess 
machinery may be in the harvest fleet and create a surplus as indicated by the ten windrowers 
in operation for less than 40 hours.  It is unknown from the data why these machines were 
used for so few hours in comparison to the other machines but it can likely be attributed to 
excess machinery in the supply chain.  These machines were used when the primary 
windrowers broke down or when extra equipment was required to finish a specific field.     
One factor that contributes to the usage of machinery is the number of machines assigned 
to individual harvest crews and the total acres harvested by each crew (Figure 2.6).  This plot 
provides more insight into the utilization of individual windrowers.  Crew A, B, and I all had 
windrowers with under 50 total productive hours for the entire season.  From this information 
it would indicate that these crews had less total area to harvest in comparison to the other 
crews.  Crew B had a total of five windrowers but only one running for greater than 20 
productive hours.  The low utilization of each windrower would indicate that crew B had 
more machinery than they required and could have harvested the same total area with less 
machines. 
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Figure 2.6: Season productive time for windrowers sorted by individual harvest crew 
 
Crews D, H, and J have five of the highest used windrowers with greater than 100 total 
productive hours.  Each crew had three windrowers but saw greater variability of hours 
between individual machines.  Typically, one or two of the machines were used more often 
while the remaining machine(s) had much lower productive time.  Specifically, crew J had 
two machines with nearly equal productive time of 112 hours with a third machine of only 10 
hours.  This machine utilization would also indicate the potential for excess machinery within 
the crew.  It is possible that this windrower was only used for a short period of time when 
another windrower was removed from operation due to maintenance or repair but it is a 
machine that was underutilized.  A single machine breakdown for even one day can create 
major complications in the feedstock supply chain and create bottlenecks between operations.  
While maintaining an even distribution of harvest time for each piece of machinery is ideal, it 
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is prudent to keep additionally machinery in reserve that can be used when machinery 
maintenance or repair is inevitably required.   
If all machinery is used equally, then a reduction in average harvest window will be seen.  
Within a single harvest season it is more difficult to assess the production if all machines are 
operating at a similar level.  However, the harvest window metric is useful when looking at 
the utilization between seasons.  If harvest conditions are similar, that is the total available 
acres are similar, then the harvest window will change based upon the machines used.  By 
holding the harvest acres constant, decreasing the number of machines used during harvest 
will increase the number of hours each machine is used.   
2.6. Baler 
After the windrower has created a windrow in the field, the baler then collects the 
material and bales the corn stover.  The balers are the critical component to the infield 
operation as windrower and stacker operation depend upon the baler.  Windrowers need to 
create sufficient windrows for the baler to stay productive.  However, windrows are typically 
not left standing overnight due to the risk of moisture increase.  Windrower operators will 
determine how much material to harvest based upon the performance of the baler and 
expected material required. 
2.6.1. Bale production capacity 
For analysis of baler production a metric of bales per productive hour was used to 
benchmark output on an hourly basis.  During the harvest season, daily bale production is 
commonly used to compare output across operating machines.  While this is a useful metric, 
it does not provide enough resolution to see what is occurring throughout a single day.  The 
hourly metric allows for tracking of trends throughout the day and see what periods were 
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most productive.  Additionally, this shows what level of peak production is capable.  For 
example, if a baler produces 300 bales in a single day over 8 productive hours, this equates to 
an average output of 37.5 bales hr-1.  However, viewing the hourly breakdown will show 
fluctuations during the day and at which points the production level was at the peak values.  
These maximum values will show what level of production can be achieved and create target 
values.   
There will naturally be instances where production is lower, including the initial startup 
process.  When a baler is being operated for the first time in a day or entering a new field 
after previously running elsewhere, the settings on the baler may have to be adjusted.  This 
creates a startup period where settings are adjusted to match the conditions of the field.  
During the harvest season the weather can vary greatly and create less than optimal 
conditions for harvesting.  Starting harvest operations early in the day is difficult due to 
moisture that is typically present on groundcover.  Baling at higher moisture reduces the 
productivity of the machine and lowers bale quality.  The additional moisture makes it more 
difficult for the material to be processed through the baler.  Each bale that is produced 
consists of several individual flakes that are compressed and tied together.  Producing 
individual flakes allows for greater density of material, rather than filling the baler chamber 
full of material and trying to compress it all in a single stage.  Higher moisture restricts the 
compression of material and results in lower density bales.  For these reasons, baling in 
higher moisture conditions is typically avoided.  Each data point used was the total daily 
bales produced divided by total productive hours for a single day for a single baler.  Across 
the season, the mean bale production was 51 bales per hour (Figure 2.7).  Since this hourly 
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bale production is only for productive time, it is not penalized for idle time or any instances 
where the baler is not running.   
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Figure 2.7: Hourly bale production for balers 
 
It is difficult to increase the hourly bale production of the baler.  The material throughput 
of the baler is not limited by ground speed of the machine or by the available stover for 
harvest.  It is a mechanical limitation that prevents the machine from achieving greater 
material throughput.  The mechanized components have a maximum speed which cannot be 
further increased.  The flow of the material into the baler starts at the pickup which gathers 
the windrow placed by the windrower.  The material input is limited by the width of the 
pickup and speed of rotation of the pickup tines.  Exceeding the material input limit will plug 
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the pickup and stop the machine.  After the material enters the pickup, it is packed into 
individual flakes.  The individual flakes will be pushed by a plunger that compacts the 
material into the large square bale.  The number of plunges per flake is an indicator of the 
baler capacity.  When running at maximum capacity, a new flake will be produced with 
every stroke made by the plunger (1:1 ratio).  A ratio greater than 1:1 indicates that multiple 
plunger strokes are made to produce a single flake.  This reduces the material throughput and 
results in less than maximum capacity.  For the harvest season, 86% of the bales produced 
had a 1:1 ratio for plunges per flake while the remaining bales required two or more plunges 
per flake (Figure 2.8).     
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Figure 2.8: Number of baler plunges per flake 
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2.6.2. Bale density 
Bale density is one of the more significant factors for reducing costs in not just the in-
field harvest operations but for the entire harvest supply chain.  Shah has shown bale density 
to be the most sensitive factor for determining supply chain cost (Shah, 2013).  Reductions in 
bale density result in a higher number of bales being required to meet biorefinery production 
demand.  The increase in total bale production will increase in-field operations for harvesting 
and collection of corn stover.  This will also impact the transportation and storage costs 
negatively.  Increasing bale density remains one of the highest priorities for the supply chain 
because of the overall impact to total cost. 
Unlike a variable such as groundspeed, there is no single control input or instantaneous 
feedback to evaluate bale density.  For groundspeed a speedometer provides immediate 
display of machine speed.  However, bale density does not have a desired target input 
control; rather, it is a combination of factors, both user controlled and environmental 
(uncontrollable).  There are indicators that give indication of what density can be expected, 
but even these factors do not give a complete picture of what bale quality is being achieved.  
Bale weight provides limited insight into what the expected bale density should be for a 
given bale.  While there is some variation in length from bale to bale, the expected value 
should remain fairly close.  Typically, 2.4 m (8 ft) length is used for standard large square 
bale production.  An increase in bale weight, with a fixed bale volume, would indicate an 
increase in bale density.  However, as discussed for standard bale weight, moisture content 
impacts the weight of the bale and will influence density.  Field conditions can vary greatly 
within a single field and two bales produced with similar weights can actually have 
significantly different density values if their moisture content or values are different.   
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Determining bale density requires moisture content analysis.  The processing time for a 
laboratory can take several days, making instantaneous moisture readings difficult.  For this 
study, the turnaround time for lab analysis was typically between 48 and 72 hours from the 
time the sample was collected.  Knowing field specific density values allows for feedback on 
machine performance and helps in achieving correct baler settings.  While the reporting time 
has a wait time of several days, the information on baler performance provides trend data that 
can be used throughout the season.  Additionally, as crew operators become more familiar 
with field conditions and baler machinery operation, it will become easier to predict bale 
density values to a certain extent.  It is difficult to accurately predict exact bale density but it 
is easier to determine a relative baler performance.  Instead of waiting for bale density 
reports, in-field observations will provide indicators if performance is remaining constant or 
decreasing over time.   
Increasing bale density is an important step for improving the overall supply chain 
performance and reducing harvesting costs.  Increasing bale density is difficult for previously 
mentioned factors but also due to the mechanical limitations of the baling equipment.  While 
baling operations can be improved, there will exist an upper limit of bale density that cannot 
be further increased.  Similar to the bale hr-1 value, the mechanical system of the baler will 
limit what the maximum bale density will be.  Each data point is a field average bale density 
value with a season mean bale density of 173 kg m-3 (≈ 10.8 lb ft-3) (Figure 2.9).  In order to 
increase the mean bale density value for the season, shifting the entire distribution to a higher 
mean will be difficult due to the baler limitations.  However, by removing the lower density 
bales and reducing the standard deviation of the entire dataset, the mean will be increased.  
This increase in bale density can be achieved by removing the low density bales.  Based upon 
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in-field observations, a minimum bale density of 160 kg m-3 (≈ 10.0 lb ft-3) is desired and 
should be achievable.   
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Figure 2.9: Field bale density across the entire harvest season 
 
Controlling bale density is a difficult task as several factors impact the overall quality of 
bale production.  Moisture content, bale flake count, baler settings, and available stover all 
impact the baling process and density of produced bales.  The moisture content within a bale 
can limit the amount of material that can be compressed within a single bale.  While higher 
moisture content does not directly correlate to reduced bale densities, it does impact the baler 
performance.  As the moisture content increases, the total force that can be exerted on the 
bale chamber is reduced.  The baler controller has a plunger setting which regulates the force 
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exerted on the material when it is compressed into flakes.  With higher moisture in the bale, 
it becomes more difficult to compress material and the maximum force threshold is reduced.   
2.6.3. Baler productivity 
Baler productivity was calculated in much the same way as windrower productivity.  
Productivity is the measurement of time the baler was in a productive state harvesting 
material.  For the entire harvest season, the productivity of all balers was 59% (Figure 2.10).  
For the baler to be in a productive state, it needed to be travelling at least 2 km hr-1 (1.2 mi 
hr-1) and have the PTO running above 500 rpm.  The baler productivity was lower than that 
of windrowers (68%) for the season.  There are several factors that caused this lower 
productivity.  Balers are a more complex machine with more mechanical systems that must 
be monitored to maintain operation.  The increased complexity increases the maintenance 
and repair that the baler undergoes throughout a harvest season.  While the majority of 
repairs require the machine to be shutdown, thus not influencing on-time productivity values, 
there are instances where the machine can be idled.  There are cases where the baler becomes 
plugged with material as it enters the machine.  Sometimes the overloading of material 
requires the machine to be shut down; other times it is only required to shut the PTO off or to 
bring the machine to stop but still allow the PTO to remain on.  The excess material can 
correct itself in these instances while the machine is still running but will be reported as 
idling. 
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Figure 2.10: Baler productivity percentage 
 
Similar to the windrower operation, focus on improving baler productivity is to focus on 
the lower performing machines below the 50% threshold.  The balers are sensitive to field 
conditions and operating in less than optimal environments can cause the machine to 
underperform.  Continual adjustments to baler settings cause more stops.  Providing baler 
operators with sufficient training will help to dial in baler settings more quickly and 
potentially reduce the amount of idle time required.   
Other factors that can cause the baler to be stopped are breakdowns on the machine, 
reported as baler faults.  These faults can range from minor, self-correcting instances, such as 
a plugged stuffer chamber, to more severe, such as broken shearbolts.  A higher number of 
baler faults will lead to more stop time of the machine and increase the idle time.  Monitoring 
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of the baler faults will help to determine problems with individual machines that may require 
correction.  The baler faults typically monitored are pickup slip (pickup plugging), flywheel 
shearbolt failure, stuffer shearbolt failure, and knotter failure.  The flywheel and stuffer 
shearbolt failures can be an indication of harvesting material too aggressively and causing the 
pressure within the baler chamber to exceed the limits of the machine.  By adjusting the baler 
speed and settings, these failures can be reduced and improve the overall productivity.   
The baler knotters are used to tie off the bale twine once bales have been produced.  A 
series of six strings is wrapped around the compressed bale flakes and tied off.  Knotter 
errors can be an indication of stover material conditions being less than optimal.  If material 
is being harvested with moisture content too high, the material has a harder time being 
compressed into a bale and can cause the knotters to malfunction.  The knotters are very 
sensitive to harvest conditions and settings and may require several adjustments to prevent 
errors.  Other factors such as twine selection can also impact knotter performance.  Twine 
has varying diameters depending upon tensile strength rating.  Incorrectly selected twine can 
increase the number of knotter faults and require more idle time. 
The number of machines operating together within a single field may also impact the 
overall productivity of individual balers.  Multiple machines were typically used within the 
same field.  Usually 2 or 3 machines were used together to decrease the amount of time 
required to harvest a single field.  Many of the factors behind the number of machines in each 
field had to do personal rather than equipment.  For example, managing two harvest teams 
each with two balers is easier than managing four separate balers.  This makes it easier to 
determine the scheduling of fields to be harvested.  Daily maintenance and repair of 
machines is also streamlined as there are few locations and less distance between machines 
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when grouped together.  With multiple machines running in the same field, it has been 
observed to potentially lower productivity of machines.  Further discussion on the number of 
machines within a single field is included in section 1.7.3. 
2.6.4. Harvest productive time 
The baler harvest productive time was calculated with the same method as windrowers to 
determine total machine productive time for the entire season.  However, the total productive 
time is of greater importance to balers than windrowers due to the significantly higher capital 
cost of balers.  The baler is the primary factor in the supply chain and the performance will 
impact other areas.  The season mean was 77 hours with the individual balers ranging from 
20-137 hours (Figure 2.11). 
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Figure 2.11: Total season hours for individual balers 
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Similar to the windrower season hours, there was a single baler that had noticeably more 
hours of production than the rest of the balers.  There is still a significant range of hours for 
individual machines. The total usage of balers is closely connected to total number of balers 
operating within a single field and the number of machines assigned to individual harvest 
crews.  Additionally, the pairing of windrowers and balers can also impact the total season 
hours.  Looking at the same information grouped by harvest crews gives a better idea of how 
machines are being used during the harvest season (Figure 2.12).  Harvest crews G, H, and I 
all had a primary baler that recorded greater than 75 productive hours while the secondary 
baler had less than 25 hours.  It appears that a primary baler was used during the season with 
the second baler being used during breakdowns or when additional equipment was required 
to finish a field.   
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Figure 2.12: Season productive hours for balers sorted by individual harvest crews 
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A portion of the harvest crews had machines that operated at similar productive times 
(crews A, C, F, and J).  These machines were more fully utilized as they did not have balers 
operating at considerably lower hours.  A factor that can also impact the harvest hours is how 
individual crews manage equipment.  From infield observations and discussions with harvest 
crew managers, machines were typically broken into sub-crews with groups of balers 
working together within single fields.  Crew D was observed often times using all five of 
their balers within single fields.  This often created greater challenges for coordinating infield 
operations and resulted in uneven utilization of machines.  This usage of balers within a 
single field is further discussed in the following section regarding machinery usage.  
2.6.5. Total Yearly Capacity 
The yearly harvest window is important because it is a measurement of equipment 
utilization and potential value.  In order to reduce harvest costs on either an hourly basis ($ 
hr-1) or material basis ($ ton-1), one of two things must be accomplished: either the operating 
and capital costs must be reduced or the total hours and/or material throughput of a machine 
must be increased.  Much focus has been placed on reducing input costs but significant work 
is required to increase the usage of equipment in order to maximize value of machinery.   
With the known yearly harvest window, a yearly total mass harvested can be calculated.  
This is the sum of all material that is harvested by each machine during the entire harvest 
season.  Much like the harvest window this value shows the potential for material that can be 
harvested.  This figure is calculated by multiplying the harvest window (hr yr-1) and actual 
capacity (ton hr-1).  By using the actual capacity value this corrects for productivity losses.  
The total harvest window (hr) and total yearly capacity serve as a usage indicator, similar to 
an odometer on a vehicle that measures total distance travelled.  The yearly capacity is useful 
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for determining equipment needs for a supply chain operation.  For example, if a windrower 
is expected to have half the capacity of a baler, it can be expected that two windrowers will 
be required for every baler in order to keep machines in operation and avoid bottlenecks in 
the supply chain.   
2.7. Factors Impacting Machinery Performance 
2.7.1. Available harvest area 
This factor may have one of the largest impacts on the total season hours that a machine 
is able to accumulate during a harvest season.  The available area for harvest determines the 
potential harvest a machine may achieve during the harvest season.  The more acres 
available, the larger the number of hours a machine will have to be operated.  Sufficient acres 
must be available to keep machines operating near a maximum productivity.  The available 
acres impacts how machinery is used.  If a large area is available for harvest, there is no 
option but to keep machinery running at full capacity in order to ensure that all fields are 
harvest in a timely manner.  However, if there is not enough harvest area to keep machinery 
running at full potential there is often a decrease in productivity in order to spread out the 
harvest.  There are two goals that are typically balanced during the harvest season: finishing 
the harvest activities quickly but also ensuring sufficient work to keep harvest crews 
occupied.  When determining the equipment needs for a harvest season, the expected total 
area for harvest is the primary factor.  Variations on the time to complete harvest can stem 
from weather events decreasing the available time. 
2.7.2. Daily bale production 
One of the methods for evaluating bale performance is to observe daily productive time 
of the machine.  Several factors contribute to how long the balers are operating on a daily 
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basis including starting time of baling, machinery breakdown, field conditions, and number 
of machines operating together.  From a supply chain perspective there is little difference 
between a baler that operates from 10:00AM to 6:00PM or one that operates from 2:00PM to 
10:00PM if both machines produce the same number and quality of bales.  The driving factor 
for baler production is the total productive time each day and the total number of bales 
produced.  While there is some variation in the number of bales that can be produced in an 
hour, the upper limit of bale production has been observed at approximately 50-60 bales per 
hour based upon physical limitations of the machinery, including the plunger stroke rate and 
the resulting flakes produced.  The plunger maintains a constant stroke rate, regardless of 
material entering the baler.  As previously discussed, the optimal plunges per flake ratio is 
1:1, with a new flake produced with every plunger stroke.  Currently baler technology allows 
for plunger stroke rates between 45-50 strokes per minute, depending on manufacturer 
(AGCO, 2015) (New Holland Agriculture, 2015).  The strokes per minute and flakes per bale 
values are nearly identical, resulting in approximately one bale produced per minute or about 
60 bales per hour.  Higher bale rates have been observed but have not been found to be 
sustainable for an entire harvest season.  Therefore, to increase daily bale production the total 
productive time must increase.   
A positive linear relationship exists between the total productive time and total bales 
produced each day (Figure 2.13).  There are a few instances where greater than 50 bales per 
hour production was achieved but these were isolated instances that were difficult to 
maintain throughout the entire harvest season.  Other studies have used large square balers 
for harvesting of wheat straw and observed average bale production rates of 43 bales per 
hour (Kemmerer & Liu, 2012).  Prior to the harvest season, a target of 300 bales was set for 
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each baler, each day.  This was based upon performance of highly productive harvest 
machines in previous seasons.  The general guidelines for baler production were an expected 
daily run time of 10 hours with a productivity of 60%, resulting in six productive hours.  
Based on the 50 bale per hour production rate, a 300 bale daily output would be achievable 
under optimal conditions.   
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Figure 2.13: Total daily bales produced vs productive time for individual balers 
 
The data for daily productive time indicates that there was a considerable range of 
operating times throughout the season.  One factor was the timeframe within the harvest 
season as the first few weeks of harvest saw much lower daily productive times than later in 
the season.  During the early portion of harvest, late September to early October, there is a 
period of machinery set up that requires settings to be adjusted as harvest crews adjust to 
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field conditions.  There is a varying level of experience between crews and those with less 
familiarity of harvesting corn stover can require a longer period of time to acclimate to field 
conditions.  Other factors, such as inclement weather or machinery breakdown can shorten 
the working hours.  
2.7.3. Fall harvest window 
While there have been studies involving the modeling of yearly harvest window, they do 
not completely address the issue of machine utilization.  A case study for corn stover harvest 
in southern Minnesota used a length of 21 days for available harvest window (Petrolia, 
2008).  An Iowa State University report showed the typical length of time required to harvest 
80% of available corn in Iowa to be 27 days, with the corn stover harvest window being 
slightly shorter depending on weather and field conditions (Darr & Webster, 2014).  These 
values give a guideline for harvesting time but do not provide enough detail regarding the 
full potential harvest window.   
Much of the focus on fall harvest opportunity time is on the fall weather but there is also 
an influence of early season (spring) weather that impacts the harvest season.  During the 
spring months when the corn crop is planted, the planting schedule is dependent upon 
weather events also.  The spring planting schedule will impact the fall harvest in several 
ways.  The harvest schedule will be dependent upon the spring planting events.  If crops are 
planted earlier, typically in April or early May, and if favorable weather continues, it can be 
expected that crops will be mature and ready for harvest at an earlier timeframe in the fall.  
However, if the spring planting season has colder weather or greater rainfall totals, then the 
spring planting can be delayed into June.  This later planting will push back the harvest 
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during the fall months and increase the risk of a shortened harvest season.  In Iowa the 
planting of corn has trended earlier in the spring over the past 40 years (Farnham, 2001). 
Additionally, the spring planting schedule has an impact on yields for both grain and 
biomass harvest in the fall.  Several studies have shown that corn planted after mid-May 
results in a decrease in relative yield for corn grain (Farnham, 2001).  In a study in Northern 
Wisconsin, planting corn after May 20 saw a reduction in earning potential of $45 to $85 per 
acre than when compared to planting between May 1 and May 5 (University of Wisconsin 
Agronomy Department, 2014).  The weather conditions will vary depending on location and 
year.  Therefore, soil temperature is used to determine optimal planting conditions.  It is 
suggested that soil temperature be at least 10°C (50°F) at planting depth before beginning 
planting.  The higher the soil temperature, the shorter the emergence time required for corn.  
Based upon these considerations, the optimal planting window in central Iowa is between 
April 15 and May 10 (Farnham, 2001).  Corn will reach full maturity at 70-100 days, 
depending on specific corn variety, weather conditions, and soil conditions.  Adverse 
planting or growing conditions will further add to time until harvest.  All of these risk factors 
will impact the corn harvest and subsequent stover harvest timeline.  It is because of these 
variables in crop planting and harvesting schedule that create a challenge in determining 
necessary equipment for harvesting of corn stover.  Additionally, the days where production 
occurs may still have weather events that prevent a full day of harvest.   
2.7.4. Balers per field 
The scheduling and regulating of in-field operations is a critical component for 
maintaining high productivity throughout the entire supply chain.  Knowing the machine 
productivity of each machine is critical for scheduling following operations.  Based upon past 
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performance of machines, expected completion times can be estimated.  For windrowers, 
knowing the groundspeed and machinery width will allow for a hectare hr-1 (acre hr-1) value 
to be calculated.  Factoring in the productivity value will allow for an estimation of how long 
it is taking a machine to complete a field.  This will allow for an estimated completion time 
to be calculated.  The baler operator can then more accurately predict when the windrower 
will be completed.  Depending on available acres and field conditions, the baler can wait for 
previous operations to be completed or begin harvesting when sufficient material has been 
shredded in front of the baler.  While the goal of harvesting is to complete the tasks as 
quickly as possible (while maintaining bale quality), it is more productive to leave a machine 
off and waiting until sufficient material is available rather than running at a lower 
productivity.   
Using multiple balers within a single field has several advantages.  Baler maintenance 
and repair is a common activity and can shut down a machine anywhere from a few minutes 
to a few days.  By having multiple machines within a single field, the shutdown of a single 
machine will not stop harvesting activities within the field.  Instead of waiting for the repair 
to be made or a replacement baler to be brought in, the harvest activities can be continued to 
ensure harvest will be completed within the necessary timeframe.  There is significant time 
loss when a machine has to be pulled from another location to replace a machine.  The 
distribution of balers per field across the entire harvest season shows nearly half (48%) of all 
the harvested fields had a single baler present while one-third (33%) of the fields used two 
balers (Figure 2.14).  There was a significant drop off in the number of fields that used three 
or more balers to harvest a field.    
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Figure 2.14: Plot of number of balers in operation for individual fields 
 
While using multiple machines within a single field benefits the scheduling and planning 
stages, the in-field operations can be negatively impacted.  The machine productivity within 
a field can be reduced, as well as the bales produced for each machine.  Additionally, the 
machine productive hours for each baler will be reduced as the number of machines in each 
field increases.  As previously discussed, the total machine hours accumulated for each 
machine is an important factor for determining total season equipment needs.  The total hours 
across all machines will remain the same, or at least very close, but the hours per individual 
machine will decrease.   
Typically, balers will travel between 5 and 8 km hr-1 (3-5 mi hr-1) when harvesting 
material, depending on field conditions.  For the 2013 harvest, the average baler field speed 
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was 11 km hr-1.  Knowing that each windrow contained 12.2 m (40 ft) of material in each 
baler pass, the average field coverage rate was 13.4 ha hr-1 (33.2 ac hr-1).  For a field size of 
40.5 ha (100 ac), a single baler would take about three hours to harvest while three balers 
working simultaneously would only take about an hour.  The total machine hours 
accumulated would still be equal for both scenarios but the individual machine hours would 
be different.  Because of the shorter harvest time, the larger harvest crew could harvest more 
fields in a shorter amount of time but due to the transport time between fields, the overall 
efficiency would be reduced.  The combined transportation time and machine setup time can 
take anywhere from several minutes to several hours, depending on location of fields.   
A map of five fields harvested within a period of three days is provided to show 
techniques for machinery field allocation (Figure 2.15).  The total road distance between the 
northernmost and southernmost fields is approximately 18 km (11 miles).  The total road 
distance between the easternmost and westernmost fields is also approximately 18 km (11 
miles).  For a harvest crew of five balers, there are a variety of strategies that could be used 
to harvest these fields.  One method would be to send all five balers together to each of the 
five fields.  This extreme scenario would allow for each field to be harvested quickly but 
would add significant transportation distance between each field for all the machines.  Due to 
the geographical location of the fields it would make sense to break the machinery into 
smaller groups.  A single baler could be sent to each field which would minimize total 
transportation distance.  Additionally, groups of balers could be used as two fields are in 
close proximity to one another to the north and to the west.  Two balers could go north, two 
balers west, and a single baler to the southeast.  Additional information will be required to 
determine if grouping of balers is more appropriate than keeping all machines separate.  
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Short-term weather forecast may show that rain is approaching.  Harvest crews do not like to 
leave fields partially harvested due to grower satisfaction concerns; therefore, keeping 
machines grouped together would appropriate to ensure that fields were completed.   
Other factors include maintenance and machine repair scheduling.  If a specific baler has 
a history of mechanical problems it would be prudent to keep it paired with another machine 
in the event of a breakdown.  This would allow another machine to continue harvesting while 
repairs are made.  Routine maintenance and refueling of machines is also required on a near-
daily basis.  By keeping machines paired together, the logistics of reaching all machines in a 
timely manner are improved.   
 
Figure 2.15: Map of fields showing separation of equipment 
Each time a baler enters a new field there is an initial setup process where the baler 
settings are adjusted to match the specific field conditions.  While this setup time is a 
requirement for field harvest activities, it is time that the baler is not harvesting.  The setup 
time and in-field harvesting time can be analyzed as harvesting potential.  The setup time 
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varies from field to field depending on conditions but it is not dependent upon field size or 
the number of balers in a field.  A greater number of balers within a single field will not 
necessarily reduce the setup time of each baler compared to the same field if only one baler 
were being used.  Therefore, a field with a greater number of balers has less harvesting 
potential than if only one baler were present.   
2.7.5. Mechanical limitations of baler 
One of the limiting factors for baling operations is the baler itself, and more specifically, 
the mechanical limitations of the chamber.  Achieving high bale density is one of the primary 
goals for a baler but several factors limit the maximum bale density of a machine including 
the available tractor engine power, baler chamber pressure limitations, and groundspeed of 
the baler.  Improving efficiencies of the baling operation itself will help to improve the baler 
performance and corresponding bale densities but there exists a finite upper limit that cannot 
be exceeded, regardless of machine efficiency and productivity.  Understanding these 
limitations will give greater insight into the ideal operating parameters for a baler.  Ignoring 
these constraints will lead to a sub-optimization of baler performance that may look 
promising in modeling scenarios but in practical application will hurt quality. 
The power required for a baler depends on several factors including baler size, feedstock 
material to be harvested, and the local weather and field conditions of a harvest region.  
Balers used in this study produced large square bales with dimensions of 0.9 meters tall, 1.2 
meters wide, and 2.4 meters long (3 ft x 4 ft x 8 ft).  A typical tractor used for these balers 
had a power rating of about 216 kW (290 hp).  However, the tractors do not run at full 
capacity and operated with an engine load of around 50%.  This resulted in an instantaneous 
power requirement of 112 kW (150 hp).   
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The baler is also limited by groundspeed and the available corn stover for harvest.  The 
mean baler speed for harvest operations was just over 7 km hr-1 (4.5 mi hr-1) for the entire 
harvest season.  The typical range of operation, depending on field conditions, was usually 
between 4.8 km hr-1 and 9.7 km hr-1 (3 mi hr-1 and 6 km hr-1).  The groundspeed is based 
largely upon the available corn stover for harvest and is adjusted to keep steady material 
throughput for the baler.  Bales are produced by compressing several individual flakes 
together and then tying together with twine.  A typical large square bale that is 2.4 m long (8 
ft) will have approximately 40–50 flakes.  A bale with too low of a flake count will have 
lower bale density values but having flake counts that are too high will exceed the strength of 
twine and lead to broken bales.   
An equation for determining pressure and density relationship is shown in equation 2.2 
where 𝜌𝜌 is the density of the material, k and n are constants determined by material 
properties, and P is the pressure exerted on the material (O'Dogherty & Wheeler, 1984), 
shown as:   
ρ = kPn 2.2 
Rearranging this equation to determine the maximum pressure required to achieve a desired 
density results in the following equation (Sokhansanj, et al., 2014).  For corn stover, the 
estimated constants of k=29.48 and n=0.33 can be used. 
Pmax = �1k ρ�1n 2.3 
This equation can be used to determine the required tractor power to produce a bale of a 
specific density.  Sokhansanj determined that for a bale density of 160 kg m-3 (10 lb ft-3), a 
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tractor PTO rating of 104.4 kW (140 hp) is required.  To produce a bale density of 192 kg m-
3 (≈ 12 lb ft-3), a tractor PTO rating of 223.7 kW (300 hp) would be required.   
An important distinction to make is that there is a difference between the tractor power 
rating and the instantaneous operating power output.  A tractor will not operate at a full load 
under normal operation.  This is done to allow for extra power to be available when harvest 
conditions are less than ideal and additional power is required.  Operating machinery near the 
maximum power output will limit the available reserve power and result in the engine 
requiring additional power.  The required tractor power rating calculations described are for 
the normal operating conditions.  For the entire harvest machinery fleet, a variety of tractor 
models and engines were used.  However, most of the tractors used under normal operating 
conditions were outputting a power rating of approximately 112 kW (150 hp) (Figure 2.16).  
This would indicate that the average bale density achieved would be about 165 kg m-3 (10.25 
lb ft-3), slightly lower than the season value of 173 kg m-3 (10.8 lb ft-3).  It is possible to 
produce higher density bales by running the tractor at a higher engine load.   
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Figure 2.16: Tractor PTO power output (kW) used for baling operation 
 
Based upon the bale density values and known material harvest rates, the mean harvest 
material throughput was approximately 42 Mg hr-1 (46 ton hr-1) (Figure 2.17).  It is the two 
factors of bale density and material throughput that are the limiting factors for material 
harvest for an entire harvest season.  In order to reduce harvest costs, the total material 
harvested must increase.  With the limiting factors of material density and throughput the 
only way to increase the total material harvested is to increase the productive time that a 
machine is spent harvesting.  Even if bale densities were aggressively increased to 192 kg m-3 
(12 lb ft-3), the total material throughput would be limited to 49 Mg hr-1 (54 ton hr-1).   
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Figure 2.17: Material throughput (Mg hr-1) of balers during the harvest season 
 
Also limiting the material throughput and bale production rate are the baler mechanical 
breakdowns, or baler faults.  When these faults occur, the operator will stop the machine to 
fix the breakdown.  The severity of the fault type will impact the duration of the stoppage.  
Knotter faults are common throughout the harvest operation and typically require only a few 
minutes to fix.  The knotter will occasionally fail to tie and will result in the bale missing one 
of the six strings.  Resetting the knotter by rethreading the twine will correct the fault.  Other 
faults can require more time to correct, such as the machine being plugged with material 
(pickup slip fault) or broken shearbolt failures.  For pickup slip faults the excess material 
plugging the machine will be manually removed by the operator.  For shearbolt failures, a 
new bolt will be installed before operation can resume. 
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To account for the difference in harvest crew size (total machines in operation), the rate 
of baler faults was evaluated with the total number of bales produced.  The sum of the total 
bales produced divided by the sum of total faults was used to evaluate baler faults between 
harvest crews.  The lowest baler fault rate was 44 bales per bale produced (crew 1) and the 
highest bale fault rate was 22 bales per fault (crew 10) (Figure 2.18).  Reduction in the bales 
produced per baler fault could be caused by several factors including poor field conditions 
(causing shearbolt failures), incorrect twine for the machine (knotter faults), or incorrect 
machinery height settings (pickup stuffer faults).  These baler faults limit productivity, 
decrease total bale production output, and add maintenance and repair costs to the machine.   
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Figure 2.18: Individual crew bales produced per bale fault 
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2.7.6. Stacker analysis 
The third component of the infield harvest of corn stover is the collection and stacking 
operation.  In this process, a collection system travels through the field and gathers the bales 
to be stacked at a field edge until they can be transported to a storage facility.  The stacking 
operation does not impact the bale quality in the same way that the windrowing and baling 
operations do as the stacking of bales occurs after bales have been produced.  The primary 
metric analyzed for bale collection is the rate at which bales are collected and stacked.  The 
stacking operation is unable to control the bale density and total bales produced within a 
given field but is impacted by these factors.   
The bale density will significantly impact the stacking operation as the number of bales 
produced will vary.  The stacker is also limited to the number of bales it can collect, not the 
weight of the bales.  Because of this, a single load (12 bales) will have varying rates (Mg hr-
1) of material handled.  Increasing the bale density will increase the total material mass 
handled without changing the number bales transferred for each load.  This further adds to 
the importance of increasing bale density as bale collection and stacking is dependent upon 
it. 
Knowing the number of bales within a field and the expected collection rate of a stacker 
is important for scheduling stacking of fields.  Unlike the windrowing and baling operations, 
the stacking operation is independent of other activities.  Once a field is harvested, it can be 
stacked at any time.  The stacking operation does not have to immediately follow the baling 
operation in the way that baling follows the windrowing operation.  However, there are 
contractual agreements that place deadlines for when field harvest and stacking must be 
complete.  While a field does not have to be stacked immediately following baling, the bales 
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typically cannot stay on the field for more than a few days.  Weather also plays a significant 
role in the stacking schedule as bales need to be collected before they are rained on.  The 
additional moisture reduces bale quality, increases weight, and hinders the stacking 
operation.     
2.7.7. Bales per hour production 
The primary metric that is controllable for a stacker is the number of bales collected and 
stacked on an hourly basis.  With the load typically being limited to 12 bales, several trips 
across the field will be required to complete a field.  The hourly rate of collection was 
determined from the total bales produced within a field and the total known time a stacker 
was in operation.  From the known bale collection rate and bale density a total material 
throughput can also be calculated to determine a cost on a $ Mg-1 basis.   
There are several factors that can influence the bale per hour collection rate.  The harvest 
rate of material collected by the baler (Mg ha-1) will impact the number of bales produced 
within a given hectare and the total bales for the field.  A higher harvest rate will increase the 
total material harvested, thus increasing the number of bales produced.  The harvest rates 
vary through a field as yield and available material fluctuates depending on field conditions.  
Yields will be lower on hillslopes or in low elevation regions where possible flooding has 
occurred.  In these areas it would be expected to have a lower number of bales produced.  
The number of bales produced within a region will impact how quickly a stacker can collect 
a full load of bales.  A field with a uniformly high yield will have bales placed closer 
together than a field with low yield.  The length of bales can also impact the collection rate as 
variations will slow the collection process.  The stacking equipment is configured for 
uniform length, typically around 2.4 m (8 ft) in length, but excessively long bales will be 
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difficult to collect.  In some cases, bales will require additional equipment to collect bales 
that are too long or have broken twine and are in too poor of a condition to be stacked.   
The speed that a stacker drives through the field will also impact the bale collection rate.  
Several factors influence the speed including field conditions, bale placement, and location of 
stack within the field.  Additionally, the strategy for collecting bales will impact the 
collection rate.  There is no set standard for how bales need to be collected.  It is determined 
by the stacking crew management and operator.  For example, one bale stacker may begin at 
the furthest possible point from the bale stack and collect the furthest bales and work towards 
the bale stack.  An alternate approach would be to begin with the closest bales to the stack 
and work outward.  There is some evidence that the infield bale collection strategy impacts 
the collection rate suggesting additional work is required in this area for future research. 
Because the stackers have no onboard load monitoring system, the bale per hour 
collection rate was calculated by taking the total number of bales in the field (from the 
known baler data) and dividing by the total known working hours of the stackers in the field.  
In cases where multiple stackers were used, an average value was determined across all 
machines for that specific field.   
2.7.8. Machine productivity 
Calculating productivity for a stacker is more difficult than for a baler or windrower.  A 
stacker does not use a PTO to operate, making the constraints for determining productivity 
and idle times more difficult.  This leaves groundspeed as the only factor to consider for 
determining if the stacker is in a productive state.  There are instances where machines are 
stationary but still being productive, such as when bales are being unloaded from the stacker.  
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For this a reason, stacker productivity was not factored into bale collection rates.  All infield 
time was used for bale per hour collection rates.   
When stackers are used in a field, they undergo a sequential process of driving out into 
the field, collecting bales, returning to the field edge, and stacking the bales.  Unlike the 
windrowing and baling process, the collection and stacking process is more basic.  There is 
no transformation of material such as windrowing where material is collected, broken down 
into smaller particles, and placed into a windrow.  During the baling process the windrowed 
material is compacted into a high density package that is easier to handle and store.  The 
stacking process does not convert the material format but only transports material from one 
location to another.   
While the stackers are in use there is less infield adjustment required compared to 
windrowing and baling.  The length and weight of the bales will dictate minor aspects of the 
collection process but the machine settings do not have to be adjusted from bale to bale.  For 
windrowers the groundspeed is adjusted based upon available stover, moisture content of 
material, and desired harvest rate.  The balers also have a high number of factors influencing 
machine settings including material moisture content and windrow size.  Settings can be 
adjusted on the baler including pickup height, groundspeed, and autoset value, which impacts 
baler chamber pressure and bale density.   
2.7.9. Stacker productive time 
Unlike windrowing and baling operations, the stacking of bales can be decoupled from 
the other machinery in the supply chain.  A windrower had to harvest enough material to 
keep the baler active for the entire day without leaving unbaled material overnight.  The 
stacking operation did not have to immediately follow the baler and had more freedom in 
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scheduling of field collection.  The primary constraint on the stackers were either weather 
events or contractual agreements on harvest timelines.  Harvested bales can remain in the 
field for several days without decreasing bale quality.  However, leaving unstacked bales 
exposed to rain increased the risk of material degradation and also created poor field 
conditions that limited bale collection.  If rain was in the short-term forecast, bales were 
stacked immediately.  Additionally, the biorefinery set for deadlines with crop producers for 
when material would be harvested by.   
The stacking operation had the least impact on bale quality metrics in comparison to 
windrowing and baling.  This operation was focused primarily on transportation from field to 
a temporary field edge storage location.  Bales are stored until they are either transported to a 
satellite storage location or directly to the biorefinery.  Determining the stacker productive 
time is important for matching required stacking equipment with baling equipment.  The 
number of bales within a field, condition of the field, and operator experience will all impact 
the productive time.  The total productive time of stackers for the harvest season ranged from 
25-170 hours (Figure 2.19).  Several of the crews had a single stacker (crews A, D, E, G, H, 
and J) while others had two or four stackers.  (It should be noted that crews C and I did not 
have data collected for their stackers). 
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Figure 2.19: Total season productive time for individual stackers sorted by harvest crew 
 
For crew B a similar trend was shown as with the multiple windrowers and balers as three 
of the stackers were used for greater than 120 hours with the fourth stacker only used 37 
hours.  Crew F also had a primary stacker used for 125 hours with a secondary stacker only 
used for 55 hours.  It is likely that the primary stackers were used more regularly with the 
extra equipment only used during breakdown of other machines or in large fields where extra 
machinery was required.  Appropriately matching equipment to field requirements would 
help to balance out the hours between machinery and reduce variation in productive hours. 
2.8. Cost Model 
One of the greatest challenges in developing a sustainable bio-economy is the collection 
of feedstock and the resulting storage and transportation of material to a biorefinery.  The 
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infield operations are critical components as they determine the material quality and directly 
impact the biorefinery conversion processes.  The data presented in this study evaluates the 
infield activities of windrowing, baling, and collecting of large square bales.  In order to 
reduce costs, these activities will have to achieve maximum efficiency while maintaining 
high quality material.  As previously discussed, there are tradeoffs that occur; for example, 
increasing harvest rates by more aggressively windrowing material can lead to higher ash 
contents and negatively impact biorefinery operations.   
Using the data collected from the field machinery during harvest, a cost model was 
developed to evaluate the impact of individual factors on total infield costs.  Other studies 
have developed cost models ranging from individual activities (baling, transportation, etc) to 
entire biorefinery operations including infield activities, transportation, and storage of 
material.  This study evaluates the infield operations across a commercial scale harvest 
operation.   
The cost of the windrower operation was calculated using the input cost factors to 
determine a $ Mg-1 cost.  Individual factor costs were determined and used to calculate total 
costs.  The cost input factors of tractor rental, cost of capital (CoC), fuel price, labor rate, 
maintenance, insurance, and twine costs were constants determined by industry rates for 
operation.  The cost of capital calculated the annual machinery ownership payment based on 
the machinery cost, expected equipment life, and residual (interest).  The primary input 
variables include the machinery productivity, material throughputs, and total season hours.  
These are the controllable factors that can impact cost depending on performance during the 
harvest season.  By improving harvest productivities and bale quality, costs can be reduced 
for the supply chain. 
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Rental cost ($/Mg) = Tractor rental ($/hr) / harvest rate (Mg/hr) 
2.4 
Cost of capital ($/Mg) = CoC factor ($/$) / (harvest rate (Mg/hr) x season hours (hr)) 
2.5 
Fuel cost ($/Mg) = (Fuel price ($/L) x fuel rate (L/hr)) / harvest rate (Mg/hr) 
2.6 
Labor cost ($/Mg) = Hourly rate ($/hr) / harvest rate (Mg/hr) 
2.7 
Maintenance cost ($/Mg) = Annual maintenance ($/year) / (harvest rate (Mg/hr) x   
                                             season hours (hr)) 
2.8 
Insurance cost ($/Mg) = Annual insurance ($/year) / (harvest rate (Mg/hr) x  
                                        season hours (hr)) 
2.9 
Twine cost ($/Mg) = Twine per bale cost ($/bale) / bale volume (m3) /  
                                   density (kg/m3) 
2.10 
 
2.8.1. Windrower cost 
A tractor rental cost was factored in as $30 hr-1 based upon known industry custom 
harvest rates and available literature (Ag Decision Maker, 2015).  Also factored in were labor 
costs ($15 hr-1), fuel, maintenance, insurance, and maintenance costs.  The cost of machinery 
ownership was also factored in for the windrower equipment cost.  The input factors of the 
equipment operating and ownership costs are shown in Table 2.1.  These factors were used 
with the known productivity data from the harvest equipment to develop an expected cost 
model.   
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Table 2.1: Input cost factors for infield windrowing operations 
Input Factor Value Units 
Machinery Cost 40,000 $ 
Equipment Life 5 years 
Residual 20 % 
Cost of Capital 0.1848 $ $-1 
Tractor Rental 30 $ hr-1 
Fuel Cost 0.79 $ L-1 
Fuel Rate 30.3 L hr-1 
Labor Cost 15 $ hr-1 
Equipment 
Maintenance 3,000 $ year
-1 
Insurance 1,000 $ year-1 
 
The distribution of cost projections for infield windrowing operations based on machine 
productivity, total season productive hours, and material throughput was calculated with a 
mean cost of 21.20 $ Mg-1 (Figure 2.20).  A large percentage of values are below 15 $ Mg-1 
followed by a decreasing percentage of values above 22.5 $ Mg-1.  The high concentration of 
values below 15 $ Mg-1 is due to the fact that there was grouping of machines that operated 
with greater than 80 total productive hours, resulting in lower harvest costs.  The wide 
variation of costs was due to the range of total productive hours.  For this analysis, a 
minimum threshold of 20 productive hours was used as machines with under 20 hours did 
not provide sufficient data.  
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Figure 2.20: In-field harvest costs for windrowing operation 
 
While the range of values extends towards 60 $ Mg-1, the primary region to focus on is 
below 30 $ Mg-1.  The wide range of windrower season hours skews the cost figure due to 
the machines that were underutilized.  Much of the underutilization was due to the factors of 
excess machinery in the harvest machinery fleet and the scheduling of fields for harvest.  The 
cumulative windrower productive time for the entire harvest season was approximately 1400 
hr.  From Figure 2.5, there is a breakpoint between windrowers that accumulated greater than 
50 hr and those that accumulated less than 50 hr.   
Based on the rental agreements of equipment within this study, the maximum season 
operating hours were fixed at 240 hours.  With an average productivity of 68%, this would be 
a maximum of 168 annual productive hours per machine.  By increasing machine 
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productivity, this maximum productive time would be increased without exceeding the 
maximum machine hours for the harvest season.  A modest increase in machine productivity 
to 80% would result in 192 productive hours for the season.  Even with optimized machine 
utilization and even distribution of fields for machinery, the variability in field conditions and 
weather make it difficult to achieve these values across all machines.  It would be reasonable 
to set target productive hours for windrowers between 100–200 hr for the harvest season.  
The primary machines would be allowed to harvest the majority of the material while the 
excess equipment would be used during machinery breakdowns.   
The total season cost is reduced by nearly 50% when the season hours are maintained 
between 100–200 hr.  It becomes more difficult to reduce costs below 10 $ Mg-1 as high 
material throughputs would be required for machines operating near 200 hr for the season.  
The focus of the cost reduction lies in both increasing the machine hours while maintaining 
high material throughputs.  The machine hours are more controllable as reducing total 
working machines will force individual machines to work longer periods.  However, material 
throughput rates are more difficult to increase as they depend on available stover.  In low 
yielding fields, increasing the material harvest rate too high will start to impact long-term 
sustainability and may negatively impact future crop yields.  Additionally, increasing the 
percentage of material harvested will result in higher ash content and negatively impact 
biorefinery processing of harvested material. 
2.8.2. Baler cost 
The baler is the primary cost factor in the supply chain as bale density is a large factor.  
Additionally, the higher equipment cost (in comparison to windrower or stacker equipment) 
further increases the impact of total machine hours for the harvest season.  Similar to the 
99 
 
windrower costs calculations, the baler cost factors included total machine hours and material 
throughput.  For windrowers, the material throughput was dictated by the collection of 
material off the ground and its placement into windrows.  For the baler, the factors of bales 
produced per hour and bale density determine the material throughput.  The following input 
factors were used for baler season costs (Table 2.2). 
Table 2.2: Input cost factors for infield baling operations 
Input Factor Value Units 
Machinery Cost 120,000 $ 
Equipment Life 5 years 
Residual 20 % 
Cost of Capital 0.1848 $ $-1 
Tractor Rental 45 $ hr-1 
Fuel Cost 0.79 $ L-1 
Fuel Rate 53 L hr-1 
Twine Cost 0.74 $ bale-1 
Labor Cost 20 $ hr-1 
Equipment 
Maintenance 6,000 $ year
-1 
Insurance 2,000 $ year-1 
 
The baler has a higher machinery cost than the windrower ($120,000 vs $40,000, 
respectively).  The baler also has a higher tractor rental cost as greater power is required.  An 
additional cost factor of twine is included, as well as increased costs for labor, maintenance, 
and insurance.  Baler equipment typically requires more maintenance throughout the harvest 
season due to the complexity of the machine, routine repairs, and schedule part replacement.   
The mean cost of operation was 22 $ Mg-1 with the highest concentration of values being 
between 15$ Mg-1 and 22 $ Mg-1 (Figure 2.21).  There are values greater than 35 $ Mg-1 due 
to machines with low total season productive hours and low material throughput values.  
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However, this was a small percentage of values as there were few instances of low machine 
hours and low material throughput.  These high cost values were impacted primarily by 
machines with low machine hours.  Increasing the material throughput on instances greater 
than 35 $ Mg-1 will only minimally decrease costs as the total machine hours are too low to 
see significant cost reduction.  By eliminating machine total productive time, the mean cost 
of operation can be expected to decrease.  These are the primary machines to target by either 
eliminating from the supply chain fleet or by increasing total operating time. 
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Figure 2.21: In-field harvest costs for baling operations 
 
The factor of material throughput is impacted by the number of bales produced per 
productive hour and the density of the bales produced.  The bale density is impacted by the 
factors of field moisture, flake count, and machine plunger force settings.  The focus on 
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reducing cost should be primarily on increasing the density as this will impact other 
operations, both in field and out-of-field.  While the cost range shown does not show values 
below 10 $ Mg-1, there are other factors that can help to significantly lower costs.  The 
overall season average bale density was 171 kg m-3 (10.7 lb ft-3) with the lowest individual 
crew density being 163 Mg m-3 (10.2 lb ft-1).  By increasing the lower performing harvest 
crew densities, the harvest costs can be expected to decrease.   
2.8.3. Stacker cost 
The final infield harvest operation is the collection and short-term storage of bales.  
Several collection systems exist as either self-propelled or pull-behind systems.  For this 
study, pull-behind stackers were analyzed.  As previously discussed, the stacking operation 
does not impact material density.  Similar to the windrowing operation, it is evaluated 
primarily on the material throughput (bales per hour) and the total season productive hours.  
The productivity of the stacking operation is also dependent on geographical characteristics 
of fields.  Areas that have more obstacles, such as hills, ravines, or waterways, will require 
stacking equipment to operate at lower speeds or to travel longer distances.  The shape of the 
field will also impact the total distance travelled and impact the total time for collection.  The 
following cost factors were used for evaluating stacker performance (Table 2.3).   
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Table 2.3: Input cost factors for infield stacking operations 
Input Factor Value Units 
Machinery Cost 90,000 $ 
Equipment Life 5 years 
Residual 5 % 
Cost of Capital 0.1848 $ $-1 
Tractor Rental 35 $ hr-1 
Fuel Cost 0.79 $ L-1 
Fuel Rate 37.9 L hr-1 
Labor Cost 20 $ hr-1 
Equipment 
Maintenance 3,000 $ year
-1 
Insurance 1,000 $ year-1 
 
Based upon infield observations, the expected maximum collection rate was 65 bales per 
hour.  The stacking equipment does not have a bale counting sensors, making the evaluation 
of performance challenging.  However, by using the known infield productivity of the 
machines the hourly bale collection rate could be determined.  By using the known bale 
density of individual harvest crews, the material throughput could also be determined.  The 
mean expected cost was 17.3 $ Mg-1 with the data showing a wide range of costs from 8 $ 
Mg-1 to over 50 $ Mg-1 (Figure 2.22).  The greatest concentration of values was below 20 $ 
Mg-1 and like the windrowing and baling equipment, a small portion of machinery with low 
season hours led to the small portion of values above 20 $ Mg-1.   
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Figure 2.22: Infield harvest costs for stacking operation 
 
The primary factor for the stacking equipment is the bale per hour collection rate and 
total season hours.  The density value of the bales has some impact on total mass of material 
collected but the primary factor is the number of bales collected.  Much of the collection 
process efficiency is based on operator experience.  Working with the harvest crews it was 
noticeable which crews had previous experience and those that were novice operators.  
2.8.4. Harvest cost discussion 
Using the harvest data to construct a cost model for the infield operations results in a 
mean expected cost of 60.5 $ Mg-1 (54.9 $ ton-1).  This value does not include material 
storage and transportation and is higher than other available studies that show costs for 
windrowing and baling ranging from 16.47 $ Mg-1 to 18.36 $ Mg-1 (Sokhansanj, et al., 2010) 
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(Vadas & Digman, 2013).  However, several differences in the initial assumptions of the 
model led to differences in cost including the expected life of the machinery, expected field 
operating efficiency, and type of equipment used.  In the study from Vadas et al., a round 
baler was used rather than a square baler.  This resulted in a lower machinery cost ($55,000 
compared to $120,000 for a square baler).  Additionally, the annual machinery use was set at 
200 hours, significantly higher than those reported for the machinery in this study.   
From the analysis of the harvest data, along with that of other studies, it shows that 
annual machine hours significantly impact the cost of harvest operations.  There was a wide 
variety of machine hours in this study, further emphasizing the need for knowing machinery 
requirements and efficient machinery management during the harvest season.  The low 
machinery usage for several machines shows that excess equipment was available for the 
harvest season and increased total operating costs.  One of the primary contributing factors 
for the excess equipment was a decrease of total expected harvest area after the initial season 
planning stage.  This was due in part to a shortened harvest season from inclement weather 
during the season and a reduction of grower participants.  Decreasing the total machinery in 
the harvest fleet and increasing the individual machinery hours will lead to decreased harvest 
costs. 
The other factor for increasing costs will be to increase the material throughput for the 
windrowing and baling operations.  The windrower is limited by the total available stover as 
increasing the harvest rate beyond sustainable levels will increase ash content and potentially 
have negative impacts on future yields.  Increasing the windrower groundspeed can 
potentially increase the material throughput but ash content and material quality will limit 
speeds.   
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2.9. Current Knowledge Gap Analysis 
2.9.1. Harvest window utilization  
From the study on a commercial scale cellulosic biorefinery there exist key areas where 
additional research is required.  One of these factors is determination of crew size for 
harvesting operations.  Determining total machinery requirements is based upon several 
factors, many of which are variable.  Data from previous years’ harvest is used to estimate 
the expected performance and output of machinery.  However, data is limited on machinery 
performance, especially for commercial scale operations.  It is possible to use data collected 
from smaller scale harvests or to use information available from other feedstock supply 
chains but these provide estimations of actual production.  Gathering more data on a 
commercial scale level will only help in the process of determining machinery needs for a 
harvest operation. 
As previously discussed, baler field efficiency is one of the most significant factors for 
determining baling cost.  If the machine is running it needs to be in a productive state to add 
value to the supply, otherwise the idling of machinery accrues additional cost.  The baler 
efficiency has multiple components that influence how efficiently it is being utilized.  Each 
machine is impacted by specific operator characteristics.  Each operator will have 
preferences for when to turn the machine off and when to allow it to idle.  There are 
instances where a machine will only be idling for a short period of time and turning it off and 
on multiple times is unnecessary.  However, it is the maximum acceptable idle time that 
varies between operators.  Thresholds for acceptable idle time may be 5 minutes or it may be 
20 minutes depending on the situation.  Understanding what factors influence efficiency of 
the machines and reducing idle times will be critical for further reducing costs.   
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The harvest window for machinery will also require additional research to understand 
what factors influence machinery utilization during the harvest season.  The value of each 
machine is determined by use it receives during harvest.  It is expected that variations in 
machine usage will exist, but minimizing the variation and achieving a higher usage rate will 
increase the value.  A significant portion of the variability is due to weather, machinery 
breakdowns and crew management practices.  Risk associated with a shortened harvest 
season cannot be entirely eliminated but it can be mitigated by having sufficient equipment.  
By having the minimum required fleet machinery, there is very little margin available should 
machinery experience significant breakdowns or if the weather shortens the available harvest 
season.  The capital cost of machinery is reduced but the risk of being unable to harvest the 
necessary feedstock is increased.  Conversely, having a large excess of machinery that is 
being underutilized will add additional cost to the supply chain and will hurt overall 
performance.  Understanding the input factors for machinery usage during the season will 
help to minimize variation in usage.  Research into how harvest crews utilize machinery will 
help to improve performance.   
2.9.2. Machinery fleet size 
Additional research is needed to determine guidelines for machine usage on an individual 
field level.  Determining the impact that the number of machines within a single field has 
will improve the productivity of machinery.  This area of study is a combination of 
machinery utilization as well as social interaction.  As the number of machines within a 
single field increases, there is a greater need for coordinating the in-field harvest operations.   
Looking specifically at the baling operation, there are advantages for having multiple 
machines working together.  If one machine experiences a breakdown, having additional 
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machines available will allow the harvest operation to continue without waiting for a 
replacement machine.  This is important if inclement weather is forecasted or if succeeding 
tillage operations are waiting for the completion of baling operations.  However, the use of 
excess machinery will hurt the overall performance of each machine if they are underutilized.  
When a baler beings harvesting a new field, there is typically a period of machinery set up 
time where routine maintenance and adjustment of baler settings occurs.  The set up period is 
independent of field size or the number of machines being used.  Using multiple machines 
becomes a study in opportunity cost of machinery.  It is necessary to determine how much 
production is being achieved compared to the amount of time spent setting up the machine 
for operation. 
In some cases, a second baler being in operation after the primary baler has begun 
harvesting of a field.  This is sometimes done in order to finish a field before inclement 
weather prevents harvest.  However, there are times where using multiple machines will 
actually hurt overall supply chain performance.  If a baler is required to drive a long distance 
and has a significant setup period, the value gained by using a second baler may actually be 
negated by the loss in productivity. 
2.10. Cost Reduction Strategies 
In order for a commercial scale cellulosic biorefinery to remain economically viable, 
production costs will need to be reduced.  It is expected that costs will reduce over time as a 
learning factor is implemented.  Studies have shown that improvements to the feedstock 
delivery supply chain are expected to reduce costs for biorefineries of 30 to 138 MPY by 55 
to 73% (Daugaard, et al., 2014).  All stages of the supply chain have opportunity for cost 
reduction, from harvesting to transportation to storage practices.  The key factor will be to 
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improve individual stages of the harvest operation without sacrificing quality or economic 
viability in another stage. 
2.10.1. Bale density 
Reducing the number of bales required for the supply chain will reduce cost to the supply 
chain.  The transportation, storage, and bale handling costs will be reduced as the number of 
bales processed is reduced.  This can be achieved by increasing the density of bales from a 
current baseline value of 173 kg m-3 (10.8 lb ft-3).  Improvements in baler technology will be 
required, along with operator adjustments to ensure that maximum performance is being 
achieved.  Mechanical improvements that allow for greater baler chamber pressure will 
increase the weight of material within a single bale.  An increase of 16 kg m-3 (1.0 lb ft-3) for 
each bale would result in a bale density of 189 kg m-3 (11.8 lb ft-3) and would add nearly 45 
kg (100 lb) to each bale, a 9% increase.  If this density value was more aggressively driven to 
a value of 205 kg m-3 (12.8 lb ft-3), individual bale weight would increase by nearly 90 kg 
(200 lb).  This would be a significant decrease in required bales for a biorefinery.  For 
example, a biorefinery requiring 1,000,000 bales on an annual basis would see a reduction of 
8.5% and 15.6% in total bale requirements for density values of 189 kg m-3 and 205 kg m-3, 
respectively. 
In addition to baler design, improving the available training and resources for harvest 
crews will also improve density on bales.  From past observations and feedback from harvest 
operators, there is an initial learning period early in the season where operators get 
accustomed to the field conditions.  This is especially prevalent for new machine operators or 
in seasons where field conditions are subpar.  By offering sufficient training for machine 
operations, the timeline required to begin producing high quality bales can be reduced.   
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2.10.2. Productivity 
Increasing machine productivity will reduce costs in the supply chain and reduce the time 
required to harvest material.  Idle time for machinery is a direct measurement of inefficiency 
and loss of opportunity.  By simply turning off machinery when it is not in use, machine 
productivity can be increased.  Increasing productivity will help to reduce the required 
machinery for a harvest season.  Offering training to operators will help to establish 
guidelines for what machinery should be turned off.  Implementing best management 
practices will set the recommendations for how machinery should be operated.  Providing 
real-time feedback to machine operators will help to make adjustments to operations and 
improve productivity.  It is difficult for operators to track machine productivity on a daily 
basis when machines can be cycled on and off dozens of times.  The individual machine idle 
periods may be relatively short but over an entire harvest season can accumulate 
significantly.  Feedback for machine productivity will help to identify machines that are 
idling excessively due to machine operator, field conditions, or possible mechanical failures. 
2.10.3. Yearly throughput 
The data available for daily harvest productivity and material throughput provide insight 
into expected harvest throughputs for machinery.  Knowing the machinery productivity for 
the season is important but knowing the total material throughput determines the machinery 
utilization.  The total machinery throughput is a combination of machine productivity, daily 
productive time, bale density, and hourly throughput.  Together, these harvest metrics can 
show the total material harvested by a machine and what the machinery operating costs will 
be.  If operating costs remain fixed, increasing the material throughput will reduce the 
harvesting cost on a per Mg basis. 
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Determining equipment needs for a harvest season is a critical process for a commercial 
scale cellulosic biorefinery operation.  Depending on the operating structure, there will be a 
significant capital investment to purchase necessary harvest equipment.  As previously 
discussed, there are several risk factors that will impact the utilization of equipment, 
including weather, field conditions, and stover yield.  While the exact yield of stover 
available for harvest will not be known until harvest operations begin, there are indicators 
during the growing season that will help to predict what type of harvest can be expected.  A 
spring that has poor planting conditions due to weather can delay planting operations or 
create soil conditions that are unfavorable for high yielding crops.  During the summer 
months there may be extreme weather events, either due to flooding or drought.  Based on 
the season growing period, the final crop condition can be forecast with some degree of 
certainty, but even with ideal planting and growing conditions, the fall harvest may be 
impeded by poor weather.  The best planning cannot eliminate the potential for adverse 
harvest conditions that will severely limit the available harvest window. 
Determining harvest equipment needs is all about managing risk and cost benefit.  There 
are options that minimize risk but will typically be more cost prohibitive.  Having a surplus 
of harvest machinery will make it possible to harvest required material in a shorter timeframe 
if the harvest season is shortened.  However, the extra equipment will require greater capital 
investment and operating expenses.  The probability of these worst-case scenarios is low but 
would create significant challenges for harvesting if they did occur.   
The other extreme is an exceptionally long harvest window with minimal weather delays.  
This is also unlikely but the extra time available to harvest would significantly reduce the 
required equipment for harvest.  Having excess equipment in this scenario would add 
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additional cost to the operation and the machinery would be underutilized.  However, the 
excess equipment serves as protection against the times when harvest conditions are less than 
optimal and excess machinery is required. 
The yearly throughput calculation gives an approximation to what the expected use of the 
machinery will be for a given year.  Based upon the known limitations of material harvest 
rates, material throughput, daily productivity, and known operating hours, it can be 
calculated what the expected utilization of a baler will be for a given harvest season. 
2.11. Conclusions 
Improving machinery performance and feedstock quality will continue to be primary 
focus for reducing biomass harvest operating costs.  The infield operations of harvesting and 
collecting corn stover material will dictate how material is handled during the storage, 
transportation, and processing stages.  Producing high density bales is the primary objective 
towards reducing harvest costs as it will reduce total equipment for collection, storage, and 
transportation.  As biorefineries begin operation, there will be better understanding of 
additional factors that impact supply chain costs.  Factors such as moisture content and ash 
content will also be better understood.  As individual fields have significant variations in 
moisture and ash contents, strategies for managing stover will improve.  It is expected that 
lower ash and moisture content will reduce harvest costs but knowing the cost relationship to 
material quality will assist in harvest decision strategy.  Early season harvesting typically has 
higher ash content and moisture content which increase biorefinery processing costs.  
However, waiting until later in the season to harvest higher quality stover decreases the 
available time for harvest and increases risk factors.  Value of data collection during the 
harvest operation will be further improved as it is made more readily available during the 
112 
 
harvest operation.  Post-season analysis will benefit planning for future harvest seasons but 
the in-season reporting of field conditions and bale quality will improve the harvest 
operations.   
Future work on management of harvest equipment will also help to improve the 
efficiency of harvest machinery.  Pre-season harvest planning will help to match expected 
harvest area with required machinery needs.  From the data presented in this study, excess 
equipment will lead to underutilization and increased operating costs.  Additionally, 
determining appropriate number of machines to be used in individual fields will also help to 
improve machinery utilization and reduce costs.   
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CHAPTER 3. IMPLEMENTATION OF LEAN OPERATION CONTROLS FOR 
BIOMASS HARVEST COST REDUCTION 
3.1. Introduction 
Corn stover has gained recent interest as a potential feedstock for cellulosic biorefineries.  
In areas with high concentration of corn grain production, such as the Midwestern United 
States, the potential exists for harvesting of remaining stover after grain harvest has been 
completed.  One advantage of utilizing agricultural residues such as corn stover is that it is 
already available for harvest and will not require replacement of existing crops. 
Increasing corn yields has led to greater interest in the harvesting of corn stover.  The 
increase in corn grain yield results in an increase in corn stover yield, creating need for 
residue management in crop production.  Typically, residues are managed by tillage practices 
of reducing the residue cover on the soil.  These practices becoming increasingly important 
where continuous corn productions are used.  Residue removal can become an additional tool 
for managing corn stover while promoting soil quality and sustainability. 
Since the 1950’s, hybridized corn has led to significant increases in production yields.  In 
the fifty year period from 1960 to 2010, the annual corn grain yield in the U.S. has increased 
from approximately 3.1 metric ton ha-1 to 10 metric ton ha-1 (50–160 bu ac-1) (Nielsen, 2012).  
Other factors contributing to the increase in production include mechanization of production 
and increased use of fertilizers.  Over the twenty year period from 1995-2015, the annual 
corn production in the US increased from 7.4 billion bushels to 13.7 billion bushels (United 
States Department of Agriculture, 2015).  These increases in corn grain production have led 
to an increase in available corn stover residues.  This relationship between grain and stover 
mass is the harvest index, where the mass of grain is divided by the sum of the grain and 
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stover masses.  Typically, this value will be near 0.5, reflecting that the mass of stover equal 
to the grain harvested (Pennington, 2013).  Because of the increase in corn stover available, 
management of these residues will become increasingly important. 
Corn stover is usually removed through a partial harvest where a portion of the material 
remains in the field.  Monitoring the harvest practices and providing feedback to machinery 
operators and management will ensure that a sustainable portion of material is removed.  
Various studies have shown that acceptable harvest rates of 1.1 tons ac-1 to 2.4 ton ac-1 can be 
achieved (Perlack, 2011) (Webster, et al., 2010).  DuPont Cellulosic Ethanol has reported a 
corn stover harvest rate of approximately 2.0 ton ac-1 (DuPont, 2013).  The harvest rate has to 
be balanced between too low and too high of a harvest take rate.  Aggressive harvesting will 
remove too much material and create challenges for soil nutrients and long-term 
sustainability.  Removing too little material will reduce the benefits of residue harvest and 
increase the total area required for harvesting.  Harvest removal rates can vary greatly from 
field to field and can change significantly within a single field.  Implementing correct harvest 
practices will be essential for overcoming the non-uniform field conditions. 
3.1.1. Machinery performance background 
A significant barrier to the development of a robust biomass-based supply chain 
infrastructure is reducing harvest, storage, and transportation costs of material.  Before a 
feedstock reaches a biorefinery, a significant number of steps must occur in order to harvest 
the material and deliver it.  Further complicating the process for cellulosic material, such as 
corn stover, the feedstock must be harvested during a short timeline following grain harvest 
but prior to winter weather events.  It becomes imperative that machinery operate at 
maximum performance while producing high quality feedstock that can quickly be 
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transported.  These two factors of machinery performance and feedstock material quality 
determine much of the feedstock cost in a biomass supply chain.  Corn stover is often 
harvested in the form of large, square bales.  By increasing the material density of individual 
bales, the overall number of bales required to supply a biorefinery can be reduced.  
Additionally, increasing the performance of machinery by increasing the number of bales 
produced during a harvest season will reduce the amount of machinery required, thus 
reducing machinery costs.   
The entire supply chain machinery management process can be evaluated as a lean 
manufacturing process in which waste is removed.  Lean manufacturing has been a common 
practice in the automotive industry with the most notable example being the implementation 
of the Toyota Production System (TPS) during the 1980’s (Monden, 1983).  According to 
Spear and Bowen, the primary objectives of the TPS system are the “standardization of work, 
uninterrupted work flows, direct links between suppliers and customers, and continuous 
improvement based on the scientific method” (Spear & Bowen, 1999).  Each of these 
components plays a part in the biomass supply chain with the primary factors being the 
continuous improvement based on the scientific method.  Additionally, the removal of excess 
equipment in order to reduce costs is important to the process. 
3.1.2. Lean manufacturing approach to harvest operations 
 Much of the focus on the harvest of cellulosic biomass is on improving the overall 
supply chain system by optimizing the individual stages of harvest, transportation, and 
storage.  The entire supply chain can be broken down into two main categories of material 
collection and material processing.  The material collection entails all material handling 
stages prior to the biorefinery conversion process.  This includes the infield harvest and 
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collection of material, transportation, and storage.  The material processing includes all 
activities after the material has reached the biorefinery gate where material is converted into 
a final, deliverable fuel product.  The primary focus of this study is on the material collection 
stage and specifically the infield harvest operations of shredding, baling, and collecting corn 
stover material.  With the corn stover harvest industry being in the developmental stages, a 
robust supply chain system has yet to be formalized.  There has been research on various 
harvest systems, including single-pass and multi-pass, based upon the hay and forage 
industry.  However, many of the challenges of collecting the material required to operate a 
commercial scale biorefinery are still being addressed.   
In order to reach commercial scale harvest, a large fleet of machinery will be required to 
operate during the short harvest window.  In the Midwest United States, corn grain harvest 
typically runs from late September until November, depending on the season’s weather and 
field conditions.  The harvest of corn stover closely follows this grain harvest timeline.  The 
unpredictable weather, combined with the highly variable nature of field conditions makes 
the harvest operation difficult to regulate.  Determining machinery and labor requirements 
for the harvest operation can vary greatly. 
There is significant literature on the lean manufacturing practices implemented for the 
automotive industry since the 1950’s.  Several of these concepts can be applied to the 
commercial scale harvest operations in the cellulosic feedstocks industry.  There are 
limitations as these practices are typically used in manufacturing or assembly-based 
production lines but the overall concepts of reducing waste and improving final product 
value are especially pertinent to the expanding biofuels industry.  Two cellulosic ethanol 
plants have been constructed in Iowa (POET Biorefinery and DuPont Cellulosic Ethanol) and 
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will serve as the first commercial scale biorefineries capable of producing over 94 million 
liters (25 million gal) on an annual basis.  It is estimated that each biorefinery will require 
nearly one million large square bales of corn stover each year to maintain operation. 
The early development of the lean manufacturing practices focused on removal of waste 
in manufacturing.  These wastes could include transportation, inventory, motion, waiting, 
over-processing, overproduction, and defects (commonly represented by the TIMWOOD 
acronym).  Any activity that increases the cycle time or increases cost can be viewed as a 
waste in the supply chain.  During the 1990’s, the value stream process was implemented as a 
connection between lean manufacturing and the supply chain by incorporating customer 
demands into the process (Hines & Rich, 1997) (Rother & Shook, 1998).  For the cellulosic 
biofuels industry, the material collection process can be viewed as the manufacturing entity 
with the biorefinery being the ‘customer.’  There are certain requirements that biorefineries 
place on incoming material, such as moisture content and ash content, which can greatly 
impact the quality and cost of the conversion process.  The infield operations of shredding, 
baling, and collecting material seek to meet these constraints without negatively impacting 
cost or material quality. 
The relationship between cost and value is an important aspect of the customer-supply 
relationship.  Hines et al. stated that if this relationship can be plotted as a linear function, the 
higher above the line a product can be, the greater the value to the customer (Hines, et al., 
2004).  That is, if cost can be reduced and/or value increased, the overall system is improved.  
This is the goal of the corn stover supply chain as an increase in biomass quality can be 
achieved by reducing material ash or moisture content.  Additionally, a reduction in harvest 
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costs would further increase the value of the material.  As the cellulosic fuels industry 
continues to develop, the primary cost factors will be better understood.   
To maximize a lean process, the correct information on a process must be collected, 
analyzed, and used to implement positive change.  Part of this process is described as 
“organization learning,” as an industry begins to better understand its practice and how to 
make improvements (Hines, et al., 2004).  Dodgson et al. describes organizational learning as 
“the way firms build, supplement and organize knowledge and routines around their 
activities and within their cultures and adapt and develop organizational efficiency by 
improving the use of the broad skills of the workforce” (Dodgson, 1993).  The learning of 
how a process is currently being achieved is an important aspect of the improvement process 
as future improvements cannot be fully achieved if a current baseline is not established.  The 
data in this study was collected and organized in such a way that these organizational 
changes can be made to improve efficiency and reduce costs. 
Before changes can be made to the supply chain, the existing performance needs to be 
evaluated for potential areas of improvement.  The techniques for improving the supply chain 
depend on the type of waste that exists.  There are three types of waste in the lean process: 
muda (short term), mura (intermediate), and muri (long term).  Each type represents a 
specific aspect of the supply chain industry and how changes can be implemented.  Short 
term changes can be viewed as the day-to-day operations where minor adjustments are 
required to improve productivity.  Daily reporting on machinery performance and bale 
quality metrics (ash and moisture contents) serve as feedback tools in order to allow harvest 
crews the ability to increase value.  Harvest conditions can vary greatly between individual 
fields and even within a single field there can be large variations in material quality.   
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Feedback on performance allows for immediate action to be taken and for inefficiencies 
to be corrected.  For example, data was collected for baler machinery breakdowns, or baler 
faults, for individual machines.  This information was used to track the number and type of 
faults a machine experienced on a given day.  One of the most common types of faults 
experienced during the harvest was knotter faults.  When an individual bale was produced, a 
series of twine was wrapped and tied off to hold the bale together.  When a knot fails to tie, 
an error message is reported through the machinery communication system to the machine 
operator to notify of the error.  When monitoring the performance of baling equipment, it is 
possible to see if individual balers are experiencing higher than accepted number of knotter 
faults.  There can be a variety of factors that lead to these faults including incorrect machine 
settings, mechanical breakdown, or poor field conditions.  If left unresolved, these errors will 
negatively impact the supply chain by increasing the number of stops a machine makes to 
repair the knotter or reduce the number of strings tied off on a bale, thus increasing the risk 
of a bale breaking apart.  Identifying these errors, as well as the root cause, will lead to an 
increase in productivity. 
The short term waste category is typically the easiest to correct as they do not require 
significant changes to the operating structure.  These are the minor adjustments that are 
necessary during the individual harvest season that improve the machine productivity and 
bale quality.  There are established guidelines for machine operators to follow but it is up to 
the individual operator’s discretion based on the specific machine, field conditions, and 
weather conditions.   
The intermediate waste category includes larger organization changes that can be viewed 
as a continuous improvement process.  These go beyond the daily adjustments to machine 
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settings and include operating practices across all harvest crews.  One of the significant 
factors for evaluating bale quality is density of the material.  Biomass in general is a low 
density material that requires a densification process to improve material handling and 
storage.  Increasing the density of the bales produced will decrease the total number of bales 
required for harvest.  By reducing total number of bales, the cost to transport, handle, and 
store material will be reduced.  Each point of contact for a bale, that is, each time it is loaded 
and unloaded at a field, storage facility, or biorefinery, cost is added to the supply chain.  
Throughout the harvest season, field conditions will change, requiring machine settings and 
operating practices to adjust accordingly.  Bale density is continuously monitored and 
reported to harvest crews.  This allows for season tracking of bale quality and allows 
continuous adjustments to be made.  Several factors impact density, including moisture 
content, bale weight, and machine settings.  Individual factors, or a combination of multiple 
factors may require adjustments in order to optimize density values.   
The final type of waste is muri, or long term waste.  This is described as waste that goes 
beyond machinery adjustments and requires a cultural change to improve the long term 
performance.  While the other changes have been a bottom-up change, with implementation 
at the ground level leading to overall improvements, eliminating muri-type waste works as a 
top down approach.  This is a systematic change to how typical operations are conducted and 
starts with managerial decisions that work top-down.  An example of this has been observed 
in the management of machinery operations regarding machine idle time management.  As 
machines operate during the workday, they are monitored on performance and identified by 
the amount of time spent in productive, idle, or transportation mode.  Machine operators have 
the least control over transportation times as they are dictated by field location and are harder 
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to minimize.  However, the productive and idle times are directly impacted by infield 
practices.  An emphasis has been placed on reducing machinery idle times in order to 
improve overall machine productivity and reduce costs.  This waste elimination process was 
implemented by management and represented a change in operating approach.   
In addition to the three categories of waste elimination, there is also a distinction between 
how improvements to the supply chain are achieved.  The two types of improvement are 
either kaikaku, breakthrough events, or kaizen, continuous improvement (Hines, et al., 2004).  
The previously discussed waste elimination type remedies would typically be a continuous 
improvement type process as systematic changes are made to the supply chain.  Over time, 
gradual modifications to the harvesting techniques will lead to a sustained improvement to 
the entire system.  Breakthrough events are more difficult to achieve during the harvest 
season as there is little opportunity to introduce drastic changes to the operating procedure.  
However, harvest research studies, both in-season and post-season, have been used to further 
investigate potential waste eliminating strategies.  This type of improvement can involve 
changing types of machinery used to harvest material (i.e. shredding vs. raking of stover). 
3.1.3. KPI Impact on supply chain costs 
In order to implement a lean operating approach to the commercial scale harvest of 
biomass, a series of performance indicators were developed to track machinery productivity 
and material quality.  These key performance indicators (KPI’s) provided a benchmark for 
performance and allowed for tracking of both in-season operations and offer comparisons 
between multiple harvest seasons.  Each individual harvest season will offer unique 
challenges due to variations in weather and crop conditions but implementation of KPI 
reporting will identify areas of improvement as well as opportunities for future development.  
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The KPI metrics will be used to determine the controllability of various harvest factors.  
Additionally, this data will also be used to evaluate cost reduction strategies.  
The three areas of focus for this study included bale density, machinery productivity, and 
total machine production time during a harvest season.  Each of these KPI metrics addressed 
the specific areas of material quality and machinery utilization within the supply.  While 
these metrics were evaluated separately, there was an overlap within the supply chain that 
allowed for improvements in one operation to impact another.  The in-field operations of 
material windrowing, baling, and stacking were evaluated but improvements to these systems 
can have far reaching impacts that will improve the stages of transportation, storage, and 
processing of material.  Each objective was developed to provide direct feedback to 
machinery operators and management teams to evaluate performance throughout the harvest 
season. 
Density: This metric is the primary factor for evaluating material quality.  Increase of 
material density will reduce costs for material handling and storage.  As the density is 
increased, fewer harvested bales are required, a significant detail as harvest scale increases to 
commercial levels. 
Machine Productivity: This is a measurement of machinery performance throughout the 
harvest season.  When machinery is running, it is either in a state of production, idle, or 
transportation.  Idle time is a waste to the supply chain as it is using resources (fuel, labor, 
equipment) without adding value.   
Total Machinery Production Time: A sum of all machine productive time is calculated for 
the harvest season.  This measures the utilization of machinery and how well matched the 
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equipment fleet is to total harvest needs.  High machine production times are targeted as they 
will maximize use of individual machines during a season.  Low production times indicate 
excess equipment, which raises capital costs within the supply chain. 
3.2. Objectives 
This study will apply KPI driven continuous improvements to the supply chain to 
increase the productivity and efficiency of corn stover harvest.  Implementing the KPI 
metrics will help to reduce several types of waste in the harvest supply chain.  Using the 
harvest metrics will identify areas of potential improvement and lead to shorter time periods 
for operating changes.  The short term and intermediate improvements are necessary for 
decreasing the supply chain harvest costs but the underlying goal is to change the long term 
approach to harvest.  Described as muri, or cultural change, this desire to improve 
productivity becomes engrained in every facet of the harvest.  Over the multi-year harvest 
study this attention to waste reduction has been observed in all levels of operations, from 
management to machinery operators.  As the industry becomes more familiar with the KPI 
metrics, there will be a better understanding of the driving factors behind performance and 
quality.  Rather than reacting to reported data, performance results can be predicted based on 
previous observations.   
3.3. Methodology 
Data was collected over multiple harvest season (2013, 2014, and 2015) and used to 
analyze the practices of harvest crews for a commercial scale biorefinery.  Each harvest 
season presented unique challenges as year-to-year conditions varied depending on available 
stover yield, weather conditions, and total machinery fleet size.  The in-field operations of 
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windrowing and baling of stover were observed with focus placed on the baling operation.  
The baling operation is the primary driver for the supply chain that dictates the scheduling of 
windrowing and stacking operations.  Baling operations also control bale density which 
impacts the transportation and storage operations. 
Individual harvest crews have varying methods for managing harvest equipment 
including the number of machines used in individual fields and baler settings.  Using the KPI 
metrics will show how these crew management practices impact the machine productivity 
and bale quality throughout the harvest season. 
3.3.1. Data collection 
Machine data was collected from harvest machinery using telemetry data collection units 
developed at Iowa State University in connection with Rowe Electronics (Norwalk, IA).  
These telemetry units collected data from the machine Controller Area Network (CAN) bus.  
The data loggers were capable of collecting any information transmitted across the CAN bus 
including, but not limited to, engine speed, engine load, fuel consumption, and groundspeed.  
Implement data was also collected from the ISOBUS network.  This was used primarily for 
baler data such as PTO speed, flake counts per bale, and bale counts.  The SAE J1939 
protocol for CAN network communication regulates data transfer and allows for 
compatibility across major manufacturers.   
These telemetry loggers were designed as standalone units that plugged into the tractor 
CAN bus and recorded specific messages.  These data points were collected on 15 second 
intervals and were associated with a timestamp and GPS coordinate.  With this information, 
the data was geofenced to categorize data by field location.  The data was also used to 
determine instantaneous machine status for each data packet transmitted.  When the machine 
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was turned on, it was classified as one of three statuses: productive, idle, or transportation.  
These statuses were based upon machines meeting thresholds for engine speed, PTO speed, 
and groundspeed (Covington, 2013).   
Bale quality was also analyzed by taking in-field samples from harvested bales to 
determine moisture content and ash content.  Knowing these quality metrics combined with 
the machinery telemetry data, other metrics such as bale density and material harvest rate 
were calculated.  These machinery and bale quality metrics were reported to the harvest 
crews on a weekly basis to provide feedback on field conditions and resulting machinery 
settings.  In field adjustments of the machinery were made based upon these field reports.   
3.3.2. Data processing 
Once collected, the data was transmitted via cellular network to a central data storage 
center.  A series of productivity and performance calculations were scheduled to update 
performance data throughout each day.  From this information, summary reports were 
created to analyze the performance of individual harvest crews.  Summary reports also 
tracked performance throughout the season to compare weekly productivity for both in-
season and post-season analysis.  The data was accessible for real time data reporting also.  A 
web-based reporting system was developed to provide updated information to management 
and harvest teams.   
3.4. Results 
3.4.1. Density KPI  
Bale density is an important factor to the supply chain as it heavily impacts the total 
number of bales that will be harvested.  A lower bale density will result in a higher number 
of bales being harvested to meet a total material target.  The impact of bale density is further 
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magnified as the scope of the harvest increases to a commercial scale operation.  Other stages 
of the supply chain, including transportation and storage of material, are impacted by density 
and can experience higher costs as density is reduced. 
Determining the density of bales requires a known moisture content, which can take 
between 48 and 72 hours from the time material samples were collected.  While the reported 
density will provide important feedback for crew performance, the long processing and 
reporting lag time hinders the short term (muda) waste reduction process.  Harvest crews can 
use the information to make adjustments throughout the season but other indicators, such as 
bale weight and baler chamber pressure, will be required to make in-field adjustments in 
order to increase bale density.   
3.4.1.1. 2013 season benchmark 
The 2013 harvest season served as a benchmark which future seasons were graded 
against.  Observations during the season showed where potential improvements existed and 
determined what realistic targets for future harvests could be set.  During this season, the 
overall material density was calculated along with individual harvest crew and individual 
weekly performance.  Individual crews operated independently of one another and the 
varying operating practices were compared to determine appropriate methods for improving 
bale quality.  Throughout the season there was also a progression of improvements on a 
week-to-week basis due to both improved operating practices and field conditions.  Targets 
for future seasons were based upon these results and adjustments that harvest crews made 
throughout the season.  The goal was to observe and understand the activities of a completed 
harvest season and then implement a structure for data driven improvements to bale KPI 
metrics.  For 2013, the average bale density for the season was 173 kg m-3 (10.8 lb ft-3).  
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Over the course of the season the bale density increased as harvest crews used data to adjust 
baler settings.  Based on the in-season adjustments, it was expected that the improvements 
from the 2013 season could carry over to the following season to increase density.   
The 2013 harvest began at the end of September (week 39 of 52 week year) and ran 
through mid-November (week 47).  The early season harvest typically experiences higher 
moisture fields as grain is continuing to dry down.  This can create less than ideal conditions 
for baling of corn stover and result in lower quality bales.  Harvest crews were able to 
achieve a peak density during week 43 of harvest (Oct. 21-27) where the density across all 
crews was 173 kg m-3 (11 lb ft-3) (Figure 3.1).  This increase in density from late September 
to late October indicated that harvest crews were becoming acclimated to the field 
conditions.     
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Figure 3.1: Season bale density (kg m-3) across all crews for individual harvest week 
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While the weekly bale density provided insight to the season-long trends, evaluating 
density by individual crews showed how specific practices impacted density across the entire 
season.  Each harvest crew ran equipment differently as some were more aggressive with 
baler settings and machinery operations.  The ten harvest crews reported density values 
ranging from 164 kg m-3 (10.2 lb ft-3) to 189 kg m-3 (11.8 lb ft-3) (Figure 3.2).  With each 
crew typically harvesting within a specific region, geographical location and field conditions 
had an impact on bale production.  However, across the entire harvest season the practices 
and baler settings had the greatest impact on material density.   
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Figure 3.2: 2013 bale density (kg m-3) for individual crews 
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The 2013 harvest season showed that once harvest crews reached midseason, bale 
densities greater than 173 kg m-3 (11 lb ft-3) were possible.  The strategy for future harvest 
seasons would be to focus on improving the density of crews producing below the season 
average.  While the crews producing at higher density could still improve, especially early 
season, the potential room for growth was less than for the lower producing crews.  These 
lower producing crews were provided additional resources including pre-season training and 
in-season assistance on baler settings.  Machine technicians were deployed to operators 
during the season to answer specific questions and address mechanical failures.  The 
approach for the following seasons would be to assist crews in using the available data to 
guide their decisions in order to more quickly improve bale quality and densities.   
One of the key findings of the 2013 harvest was the flake count for bales.  The flake 
count was an important factor for bale density as it measured the amount of material being 
placed within a single bale; typically, as the flake count increased, the bale density increased.  
During the 2013 season, the average flake count was 44 flakes per bale; however, the start of 
the season had lower flake counts, contributing to the lower bale densities (Figure 3.3).   
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Figure 3.3: 2013 weekly flakes per bale 
3.4.1.2. Targets for 2014 season 
The 2013 season showed that harvest crews could improve throughout the season and 
achieve bale densities greater than 173 kg m-3 (10.8 lb ft-3).  A review of the season data 
indicated how the potential improvements for density could be achieved by increasing the 
bale flake counts and baler chamber pressures.  The data was used with the biorefinery 
management team to develop a target density for harvest crews and the strategies for 
improvement in the 2014 season.  Additionally, a real time data reporting system was 
developed to provide harvest data to equipment operators and the biorefinery management 
team.  A web-based reporting structure allowed harvest crews to see updated productivity 
data, tracking of mechanical breakdowns, and overall crew productivity.  This real time 
reporting system worked to close the loop on the harvest system by providing feedback on 
operating practices.  This data reporting addressed the short term (muda) and intermediate 
134 
 
(mura) waste sources in the supply chain.  The focus of the data reporting was to build upon 
the existing supply chain to close the open loop by providing feedback for improvement.  
This quantitative approach of using data, along with the qualitative knowledge of harvest 
crews would create a more complete system.  The data was being placed directly in the hands 
of harvest crews, allowing the opportunity to own the change that occurred during the harvest 
season. 
For the 2014 harvest season a target density of 178 kg m-3 (11.1 lb ft-3) was set based on 
crew performance from the previous season.  Harvest crews had demonstrated the ability to 
produce bale densities above this target during the previous season as four of the ten crews 
exceeded this value.  Week 43 of the season harvest reached maximum productivity as nearly 
20% of all bale production occurred; at this time, the density across all crews was 177 kg m-3.  
Once crews reached a highly productive state of operation, they demonstrated that high 
density bales could be produced consistently.  For the 2014 season a target of 44 flakes per 
bale was set, based on the 2013 season average.  An effort was made to increase early season 
flake counts in an effort to increase early season density.       
The highest producing crew (crew #8) demonstrated the ability to produce high density 
bales throughout the majority of the harvest season.  In nearly every week of operation this 
crew was able to produce bales with densities greater than 180 kg m-3 (11.2 lb ft-3); the only 
time failing to meet this level was the final week of the season when field conditions began 
to deteriorate due to late season weather.  Despite reduced density for the entire supply chain 
during the early season harvest, this crew was able to produce high density bales from the 
start of the season.  Their performance during the harvest season was used as an example to 
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other harvest crews for the 2014 season that high density bales were not only possible early 
in the harvest season but had been demonstrated.   
3.4.1.3. Continuous improvement process – Phase I 
Preseason training 
Prior to the 2014 harvest season, a crew training session was provided to aid crews in 
reaching maximum performance earlier in the harvest season.  The information from the 
2013 season was provided along with targets for the upcoming season.  This training session 
covered a variety of topics including machine operation and settings, addressing challenges 
from the previous season, and how to interpret reported data during the season.  The primary 
focus of the training was to increase early season flake counts to 44 flakes per bale to 
increase bale densities.  During the formation of a bale, individual flakes are compressed and 
tied together to form a bale.  The baler reported the number of flakes within each bale 
produced.  Maintaining consistent flake counts and densities created more uniform bales that 
helped to reduce the cost of transporting, storing, and processing.  
Harvest crews were presented with the specific density and flake count targets for the 
2014 season.  During the previous season, less emphasis was placed on bale density as the 
primary evaluation metric was on the number of bales produced.  Crews were able to produce 
higher number of bales by decreasing the density of the bales produced.  The total material 
mass did not change, but the mass of each bale produced was reduced.  For the 2014 season 
the evaluation of crew performance would include both the number of bales produced by 
each machine and the density of bales by each crew.   
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Real time data reporting 
Phase I of the continuous improvement process included the addition of a real time data 
reporting system for the 2014 system.  During the preseason training, crews were introduced 
to the data reporting system that would be used for the upcoming season.  The previous 
harvest season presented crews with weekly data reports that summarized performance of the 
previous week as well as a summation of total season performance.  However, this lag time 
in reporting limited the adjustments that crews could make to baler operation.  By 
introducing a real time data reporting system crews were better able to view the current 
settings, production levels, and season-long performance of individual machines.  With 
harvest crew leaders managing several pieces of machinery, better understanding of 
performance was achieved as the resolution of data was improved beyond the crew level to 
the individual machine level.   
The real time data reporting was available to harvest crew managers and the biorefinery 
feedstock management team via an internet website.  The data reports were divided into the 
following three main components:  
Daily machine data: The measurement of baler settings for the current day.  This included 
features of baler pressure, flakes per bale, bale weight, and machine faults (breakdowns). 
Season summary: Evaluation of machine settings throughout the season.  This allowed 
performance and settings to be tracked through the entire season. 
Machinery map: This showed the current location and settings of machinery.  The allowed 
for comparison of machinery performance based on geographical location.  
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Mid-season review meeting 
A mid-season review of performance was held halfway through the harvest season, 
covering similar topics as the preseason training in order to track performance and review 
targets.  This also allowed for communication with the management team and address 
challenges encountered during the harvest season to be presented.  There were often similar 
challenges faced by multiple crews that could be addressed more easily in a large group 
meeting.  The mid-season review reinforced to the harvest crews the improvements that were 
being made throughout the supply chain.  The large group setting allowed harvest crews to 
interact and address common problems.  While the crews operated independently of one 
another and were striving to improve their own performance, there was a collaborative effort 
to achieve improvements for all those involved with the harvest operations.  Topics covered 
at the mid-season review meeting included: 
Individual crew performance:  Crew data was presented to show if target density and flake 
values were being met.  Crews were also shown where they ranked in comparison to others.  
The in-season adjustments of high performing crews were validated while those with lower 
density bales could see how close to other crews they ranked. 
Low performing machinery: Machines that produced low density bales were provided 
resources of additional equipment support (determine if settings matched field conditions, 
detect mechanical failure of parts).  Machine improvements during the season were also 
tracked to show which machines had made the most in-season density gains. 
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Post season review 
At the completion of harvest, a review of the season target density goal and crew 
outcomes was conducted to determine if the target density was achieved.  In addition to the 
crew comparison, other contributing factors, such as weather and field conditions were 
reviewed in order to better understand why differences existed between crews.  Key 
highlights are presented for bale density and flake count improvements. 
• Density of 181 kg m-3 (11.3 lb ft-3) achieved across season, exceeding preseason target of 
178 kg m-3 (11.3 lb ft-3) 
• Only 10% of fields had density of 160 kg m-3 (10 lb ft-3) (compared to 25% in 2013) 
• Only 3 of 13 harvest crews failed to meet target density (Figure 3.4) 
• Crews maintained more consistent flake counts throughout the season, contributing the 
early season gains in density (Figure 3.5) 
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Figure 3.4: 2014 bale density (kg m-3) by crew 
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Figure 3.5: 2013 and 2014 flake count per bale for individual weeks 
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Post season survey results 
Following the harvest season, harvest crew managers were issued surveys regarding their 
experiences during the season.  The questions covered all areas of the harvest including 
effectiveness of preseason training, machinery performance, data reporting, and suggestions 
for future seasons.  These surveys were valuable components to the continuous improvement 
of the supply chain.  The data reporting during the harvest season allowed crews to fine tune 
in-field operations; similarly, the post-season surveys allowed for the reporting structure to 
be evaluated and tailored to better help future harvest seasons.  Highlights of the survey 
included: 
• 6 of 9 survey responses indicated that the use of live data reporting reduced crew 
operating costs by a minimum of 10% 
• The most useful feature was the ability to determine exact location of underperforming 
machines.  This allowed for corrections to be made quickly and the resulting performance 
monitored thereafter. 
• The highest reported usage of the live reporting was 50-60 times per day.  This indicated 
that crews were checking the updated data throughout the day to monitor performance. 
The introduction of the reporting system was expected to be an ongoing process that 
would require modifications to better meet crew needs.  The survey results helped to identify 
which areas were most useful to crews and which areas required improvements.  One of the 
major improvements for the following season would be to integrate the real-time machinery 
data into the map.  This would allow managers the ability to view machine performance 
based on geographic location, rather than switching between the map and a separate machine 
data report.  
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3.4.1.4. 2015 targets 
As part of the continual improvement process, the results of the 2014 harvest season were 
used to develop specific targets for the 2015 harvest season.  The improvements made in bale 
density and flake count throughout the season showed harvest crews were able to use the data 
reporting to make meaningful change to operations.  Early season densities were higher than 
the previous season and were still able to be improved upon as the season progressed.  
During the peak production period (weeks 43-45), over 70% of total season bales were 
produced.  It was also during this period that the highest bale density was achieved.  While it 
was important that harvest crews could produce high quality bales, it was equally important 
that these values could be sustained for long periods of time.   
Because of high output of high density bales during the midseason production period, the 
target density for 2015 was again increased, as the target for the season was set at 184 kg m-3 
(11.5 lb ft-3).  This was an aggressive increase that required crews to maintain a high density 
throughout the entire season.  The previous season demonstrated that crews were able to 
exceed the density target and by increasing the target, crews were required to further improve 
harvest practices.  A continued effort was placed on reducing the number of low density 
bales below 160 kg m-3 (10 lb ft-3).  In 2014, 10% of all bales produced had densities below 
this value.  In 2015 that value was expected to continue to decrease as crews built upon the 
previous season.  The top four producing crews were able to maintain a season average of 
184 kg m-3 (11.5 lb ft-3) while an additional six crews maintained a density of 178 kg m-3 
(11.1 lb ft-3).  Similar to the 2014 season, an emphasis was placed on maintaining 45 flakes 
per bale throughout the season.   
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3.4.1.5. Continuous improvement process – Phase II 
Preseason training 
The previous season had presented valuable insight into why flake count and bale density 
were closely related.  Harvest crews had demonstrated the ability to reduce the production of 
low quality bales.  For 2015, the goal was to not only eliminate low density bales, but to push 
towards more uniform, high density bales across all crews.  In this training session an 
emphasis was placed on building off the previous season and how to take corrective action. 
For the 2015 season, specific guidelines were presented to provide crews with better 
guidance of when field conditions were suitable for harvest.  A harvest operation guideline 
system with prime, acceptable, and poor was used to help crews match baler settings with 
field conditions (Table 3.1).  The operator could monitor the weight of bales being produced 
as well as the pressure within the bale chamber.  Based on these factors, the operator can 
control the baler plunger force by adjusting the baler autoset value.  The higher the autoset 
value, the greater the compression force on the bale.  Due to the lag time in reporting field 
moisture and bale density, the bale weight and chamber pressure data were used.  While 
these conditions were still suitable for harvest, they required the operator to more closely 
monitor the field conditions and response of the baler.  If bale weights continued to increase 
or pressures decreased, the harvest crews were advised to stop baling.  For poor field 
conditions (red) crews were advised not to bale material unless given permission from the 
harvest management team.   
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Table 3.1: Baler operating guidelines 
Rating Bale Weight (kg) 
Pressure 
(Mpa) 
Autoset 
Value 
Prime < 590 6.2-8.2 > 435 
Acceptable 590-680 4.8-6.9 390-435 
Poor > 680 < 5.5 < 390 
 
This rating system helped crews to better understand the connection between field 
conditions, baler settings, and bale quality targets.  While the operating suggestions did not 
encompass all possible combinations of conditions, they served as guidelines to assist 
operators in focusing on the important factors while baling.  The rating system also provided 
a consistent baseline metric across all harvest crews.  Individual crews were presented a 
range of acceptable parameters while still being allowed freedom of operation as seemed 
appropriate.  The real time reporting system allowed crews to see operating ranges of other 
crews, making it easier to determine if field conditions were suitable for harvest.    
Mid-season meetings 
During the harvest season, weekly meetings were held with the biorefinery management 
team to assess performance throughout the season.  The meetings included the following 
topics of discussion throughout the season: 
Tracking of season performance   
Individual crew performance was monitored to determine if season targets were being 
met.  Forecasting of rest of season and future season harvests was also conducted.  It was 
important to determine if short term improvements in the supply chain were sustainable or 
due to specific characteristics of that season.  In 2015, the harvest season was exceptionally 
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dry, producing higher than expected bale densities.  When compared to historical weather 
data, it was unlikely that similar conditions would be repeated in the near future. 
Identification of low density fields   
Individual field performance was monitored to determine cause for low density fields (i.e. 
individual crew, geographical location, weather conditions). 
Development of future improvements for supply chain  
These weekly meetings allowed for brainstorming of potential improvement to the 
harvest.  While these methods could not be implemented across the entire supply chain, they 
could be tested on a smaller scale or during the offseason.  These type of breakthrough 
improvements (kaikaku lean manufacturing improvements) represented larger, systematic 
changes to harvest operations (i.e. shredding vs raking of stover, single pass vs multipass 
harvesting). 
Post season review  
A post season review session was conducted with the biorefinery management team and 
the equipment operator teams at the completion of the 2015 harvest.  Similar to the previous 
season, a review of harvest targets and results was presented as well as individual crew 
performance.   
• Bale density exceeded the preseason target with an average value of 187 kg m-3 (11.7 lb 
ft-3)  
• Less than 5% of all bales produced were below 160 kg m-3 (10 lb ft-3) (Figure 3.6) 
• Eight of twelve crews reached target density value (Figure 3.7) 
• Flake counts were consistently at 44-45 flakes per bale throughout the season 
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• 80% of bales were below 680 kg threshold 
• 85% of bales had baler pressure greater than 5.5 MPa 
• 90% of bales had autoset value greater than 435 
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Figure 3.6: Season bale density (kg m-3) for 2013-2015 
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Figure 3.7: 2015 bale density (kg m-3) by individual crew 
 
Impact of reduced moisture content 
A contributing factor to the increase in bale density was due to the exceptionally dry 
harvest season.  The previous two seasons had average moisture contents of approximately 
22%; in 2015, that number decreased to 17%.  This was due to much lower rainfall 
immediately prior to and during the harvest season than in previous years.  This allowed 
harvest crews to reach higher bale densities and flake counts earlier in the harvest season and 
maintain the high quality throughout the season.  Only two of the nine weeks exceeded 20% 
moisture content.   
Harvest crews were also better able to match field conditions to baler settings based on 
the suggested operating range for bale weight and baler pressure as 80% of the bales 
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produced were under the 680 kg threshold (Figure 3.18).  While it was not recommended to 
produce bales that heavy, the time constraint factor required situations with heavier bales.  
The baler pressure was above 5.5 MPa 85% of the time and the autoset value was above 390 
for virtually the entire season (Figures 3.19 and 3.20).  In fact, the autoset was greater than 
435 for 90% of the season, indicating that crews were able to use suggested operating 
parameters to produce high quality bales. 
Post season survey results 
Following the harvest season, crews were again issued surveys regarding their 
experiences during the harvest season.  The questions were similar to the previous season and 
sought crew feedback on the effectiveness of preseason training, challenges faced during the 
season, and perceived value of the data reporting system.  The second year of the data 
reporting system allowed crews to evaluate the changes made from the previous season and 
comment on the effectiveness of new reporting methods.     
• All six survey responses indicated that use of the live data reporting reduced crew 
operating costs between 10-40% 
• All survey responses stated that corrections to underperforming machines were made 
during the season 
• Effectiveness of the preseason training was rated as 8.6/10 
• All crews believed the correct level of information had been presented at the preseason 
training session 
• Five of six crews stated they will change future operations based on 2015 data results 
The survey results were favorable for the 2015 season as crews continued to see the value 
of data reports and real time information.  The purpose of the real time data was to get 
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harvest data to the crews as quickly as possible and the survey results from the previous two 
seasons showed the value crews placed on this data.   
3.4.2. Productivity KPI 
The machine productivity KPI measured the usage of harvest equipment during the 
harvest season.  When harvest equipment was turned on, it was recorded as being in one of 
three states: productive, idle, or transport.  The productive status was time recorded when the 
machine in operation performing the intended task of baling, windrowing, or stacking of 
material.  The idle time was any instance where the machine was turned on but either 
stationary or in motion within a field without the PTO engaged.  The transport time was all 
time between fields when machinery was in motion.  The productivity was a utilization 
metric that evaluated the total productive time of equipment but also was used to evaluate 
potential working time. 
It was important to reduce idle time as this was a measurement of unused time where the 
machine could either be in operation or should be turned off if not being used.  During the 
course of a day a machine will switch between the three states numerous times.  With 
multiple machines simultaneously in operation, it was important to collect data on the usage 
of individual machines to evaluate how efficiently machines were being used.  High machine 
idle times added extra cost to the supply chain in the form of equipment rental, increased 
maintenance costs, and excess fuel usage.  While idling these costs will increase without 
adding value to the supply chain in the form of harvested bales.   
3.4.2.1. 2013 season benchmark 
Productivity was collected across all harvest crews and reported separately for 
windrowers, balers, and stackers.  Each machine had unique operating characteristics that 
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required separate performance to be calculated.  Typically, windrowers and stacking 
equipment will have higher productivities than balers, due to the more complicated operation 
of baling equipment.  For bale density measurements, harvest crews had to wait several days 
for lab analysis and were required to use secondary measurements of bale weight, flake 
count, and pressure to improve bale densities.  The advantage of productivity reporting was 
that harvest crews had access to daily machine performance during the harvest season.  For 
the 2013 season, data was collected and processed on a daily basis and emailed to harvest 
crews and management team personnel.  
In 2013, the productivity of windrowers, balers, and stackers was 67%, 59%, and 66%, 
respectively (Figure 3.8)  Based on these values, machines were at best in a productive state 
only two-thirds of total running time.  It was determined that machine operators tended to 
overestimate the level of productivity during harvest.  Production during a single day could 
be quantified by total bales or total area harvested, however assessing the productivity of 
machines was more challenging due to the frequent starting and stopping of machinery.  The 
productivity of individual crews ranged from 54-77% for windrowers, 53-69% for balers, and 
58-75% for stackers.  When averaged across all machine types, individual crew productivity 
ranged from 52-73%.  During the 2013 season the machine productivity was reported to 
harvest crews but there was no penalty for low productivity machines.  When machinery 
stopped for short periods of time, operators typically left machinery running rather than 
turning it off.  Starting in 2014, effort would be made to increase machine productivity in 
order to reduce equipment rental and fuel costs. 
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Targets for 2014 
While the individual machinery had varying productivity ranges, a target of 70% for each 
harvest crew was set prior to the 2014 season based on 2013 results.  Half of the harvest 
crews had maintained windrower productivities greater than 70% for the harvest season.  
Three of the ten crews had stacker productivities greater than 70% and baler productivities 
greater than 60%.  Because of these 2013 values, it was expected that 2014 productivities 
across all machines could be improved.  Unlike bale density improvements that required 
changes to machine settings and operator performance, machine productivities could be 
greatly improved by simply turning equipment off when not in operation.  There were few 
instances where machinery was required to be turned on while remaining stationary.  In was 
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already a requirement that machinery be turned off when maintenance or repairs were being 
performed.  The effort required to increase machine productivity was much less than that of 
other KPI metrics in the supply chain. 
3.4.2.2. Continuous improvement plan – Phase I 
Preseason training 
During the crew preseason training session, results of the 2013 harvest machine 
productivity and targets for 2014 were presented.  During the highest productive days of the 
previous season, crews had demonstrated the ability to operate at productivities at or near 
70%.  During the production days with greater than eight hours of total productive times, 
nearly every machine maintained a productivity of 60% or greater.  Of the potential cost 
reduction strategies for the harvest system (density, productivity, machinery reduction), 
increasing productivity of machines would be easiest to accomplish.   
The biorefinery management team offered incentive payments to harvest teams that 
reduced machinery idle time.  The harvest region of individual crews varied depending on 
crew size and available fields.  This would impact the transportation times of crews and 
potential reduce productivity.  In order to create a uniform comparison between all crews, 
machinery idle time was used as an evaluation of machine utilization.  During 2013, harvest 
crews spent approximately 10% of all time in a transportation state as equipment was 
relocated between fields.  For the 2014 season, a target of 20% idle time was set.  Crews that 
had an idle percentage below this value received bonus payment while those that exceeded it 
would be docked payment.     
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The real time data reporting system would provide information on individual machine 
performance.  Crews could monitor all machines in operation and be able to quickly identify 
those that were underperforming.  Instantaneous status of machinery was provided to know if 
a machine was currently in a productive, idle, transport, or off state.  The data reporting was 
divided into the following components: 
Daily machine data: The machine performance for the current day.  This included 
productivity, total productive and on time, and idle percentage. 
Season summary: Average productive, idle, and transport percentage for the season.  This 
also showed the total excess idle hours above the 20% threshold 
Machinery map: This showed the current location and settings of machinery.  Performance 
of all machinery could be compared within individual fields or specific regions. 
Mid-season review meeting 
At the mid-season review meeting, the performance of individual crews was reviewed.  
This allowed crews to see how close to the targeted 70% productivity and 20% idle targets 
they were for the season.  Crews that were above the 20% idle threshold were shown which 
machines had the highest idle time and what the specific excess idle amounts totaled.  At the 
mid-point of the season there was still enough time to reduce machinery idle closer to or 
below the target point by the end of harvest. 
Post season review 
For the 2014 harvest season, crews were able to decrease machinery idle time and 
increase the productivity of equipment.  The addition of a payment incentive along with the 
real time reporting allowed crews to track performance during the entire season.  With the 
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reporting of bale density, the common criticism was the long lag time required to determine 
field moisture and density values.  With the machine productivity, crews had access to 
updated information to know the performance of individual machines.  This shorter reporting 
time allowed the necessary information to be presented directly to the crews as they needed.  
(Note: stacker data not included as the separate stacking crews were used.  This changed the 
equipment type and structure of the stacking operations for the season). 
• Windrower productivity: 81% 
• Baler productivity: 71% 
• All 13 crews had 70% or higher productivity for windrowers (Figure 3.9) 
• Eight crews had 70% or higher productivity for balers (Figure 3.9) 
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Figure 3.9: 2014 windrower and baler productivity by crew 
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Managed and unmanaged harvest crews 
In addition to the thirteen managed harvest crews, an additional, an unmanaged harvest 
crew was contracted for the 2014 season.  In this independent, grower managed system, all 
machinery was owned and managed by a local farmer.  Ideally, future harvests would allow 
local producers to own and manage equipment.  This would remove a portion of the capital 
expense and management costs from the biorefinery and allow producers to control their own 
harvest operations.  The same requirements for long term sustainability and bale quality 
would be required but all management of equipment would belong to the producer in these 
‘grower owned models’.   
Data was collected on the unmanaged equipment and reported on throughout the harvest 
season.  However, this crew was not subject to the same machinery idle penalties.  
Additionally, this crew did not use the live data feature as their operations were independent 
of the biorefinery managed system.  Apart from these two factors, this unmanaged crew was 
equivalent to the other managed harvest crews.  Machinery productivity for the managed 
machinery was compared against this unmanaged crew to quantify the impact of data 
reporting and machinery productivity thresholds.  Data was collected on two balers and on a 
single windrower for the unmanaged harvest crew. 
The two windrowers had a season productivity of 74%, nearly equal to that of the 
managed harvest crews, however, the baler only had a productivity of 46% for the harvest 
season (Figure 3.10).  Across all machines the productivity of the unmanaged crews was 
56%.  Windrowing equipment was being turned off when it was not in use but the baling 
equipment was left running for longer periods of time when not in use.  This increase in 
machine idle time emphasized the importance of equipment management during the harvest 
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season and the need for data reporting.  The baler productivity and idle times reported by the 
unmanaged harvest team aligned more closely with the previous harvest season.  The 
increase in machinery idle time increases the overall machine engine hours without adding 
value to the supply chain.  For the unmanaged crews, this is less of a concern as the 
equipment is owned by the crew; however, for the managed equipment it is an important 
factor as tractors are leased according to engine hours.  Additionally, each season has a 
maximum allowable engine hour; exceeding these limits will increase the rental costs of 
machinery.  From the 2013 productivity data and the 2014 unmanaged crews it was evident 
that without a productivity monitoring system, idle time will typically be higher for 
equipment.  In-field observations of the 2013 harvest showed when operators stopped the 
equipment they were more likely to leave the engine running if the stop was expected to be 
for a short duration.  In 2014, harvest crews shut the equipment off nearly every time the 
machine stopped moving for more than a minute. 
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Figure 3.10: 2014 machinery productivity of managed and unmanaged harvest crews 
Crew Survey 
The crew surveys issues at the completion of harvest indicated that reporting of machine 
productivity and idle times was valuable to crews.  When asked about effectiveness of the 
reporting system, most managers responded that they used the daily reporting feature 
frequently throughout the season.   
• 5 of 10 survey responses indicated the real time productivity as having a significant 
impact on the reduction of machine idle time in 2014 
• 7 of 9 indicated they used the productivity reporting system during the season 
• Managers could find specific machines quickly to address low productivity 
A common concern of harvest crews was the dependability of live data reporting 
structure.  With 2014 being the first year of real time reporting, there were times during the 
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harvest season where the system was shut down due to maintenance or updates.  During the 
early weeks of harvest this was of less concern but by the end of the season, harvest crews 
had become more dependent on the system.  It was apparent that crews began to value the 
reporting system more and relied upon it to improve performance.   
3.4.2.3. 2015 targets 
Based on the increase in machine productivity during the 2014 season, specific targets 
were again set for the 2015 season.  While crews made significant improvements to machine 
productivity during the 2014 season, it was not expected that machine performance would 
increase as drastically in the following season.  Crews had demonstrated the ability to turn 
equipment off when not in use and there was less room for improvement going into the 2015 
season.  In 2014, the idle percentage across all managed harvest crews was 12%.  For 2015, 
this was set as the threshold for harvest crew bonus payment.  The transportation for the 2014 
season was similar to the previous season value of 10%.  Based on these values, the 2015 
productivity target of 78% was set.  The productivity increase from 2014 to 2015 was 
expected to be less than the previous season.  
3.4.2.4. Continuous improvement process – Phase II 
Crews had demonstrated during the previous season that the use of real time data updates 
could help lead to reductions in machine idle times.  For the 2015 emphasis would continue 
to be placed on turning machinery off when not in use.  While it appeared that windrower 
productivity had reached a maximum, there was still improvement for the balers to increase.  
One reason for the lower baler productivity was due to the more complicated nature of the 
baling equipment compared to windrowers.  Baler stoppages could be cause by plugging of 
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the machine with stover, broken shear bolts, or twine knotter failures.  For the 2015 season, 
information on baler faults was included with the productivity reports.  Crews had access to 
the baler productivity information as well as the number baler stoppages during each day.  
This helped determine if reduced productivity of machines was due to mechanical failure or 
operator performance.  Mechanical technicians were notified of machines that had increased 
faults and either repaired or adjusted to improve performance.   
For 2015 the size of individual harvest crews was reduced.  During the previous season it 
was observed the total equipment in the fleet exceeded the requirements by the available 
fields.  It was expected that a reduction in total equipment would help to increase total 
productive time for individual machines.  While a certain number of excess was required due 
to mechanical breakdowns, the previous season had equipment that was either running for 
very short periods of time or left unused for much of the season. 
Mid-season performance 
During the harvest season there was less responsibility for management to monitor the 
productivity of machines as harvest crews had demonstrated the ability to manage their 
equipment.  The crews were observed on how they managed their equipment in an effort to 
better understand factors driving the performance.  Key factors observed during the harvest 
season included: 
Consistent productivity throughout season: Unlike bale density or moisture content that 
fluctuated on a weekly basis, crews maintained uniform productivity throughout the season. 
Smaller crew size improved production time: Using smaller individual harvest crews 
allowed for better utilization of equipment throughout the season.   
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Crews maintained consistent bales per fault: Baler faults were found to be uniform for 
individual machines through the season.  Bales per fault ranged between 12-46 bales per fault 
Post season review 
The season productivity again increased as crews were able to decrease total idle times 
from the previous harvest season. 
• Windrower productivity: 83% 
• Baler productivity: 81% 
• Eight crews had 78% or higher productivity for windrowers (Figure 3.11) 
• Eight crews had 78% or higher productivity for balers (Figure 3.11) 
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Figure 3.11: 2015 windrower and baler productivity by individual crew 
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  Crews were able to further increase machine productivity for the 2015 harvest season.  
In-field observations of crew performance verified that each time machinery was stopped, 
crews were turning equipment off immediately, even if the stop was momentary.  The pre-
season target of 12% idle time was met by each harvest crew.  The lowest reported idle was 
6% by four separate harvest crews.  This reduced idle time exceeded the expectations of the 
season and was a demonstration of the harvest crews’ ability to significantly reduce 
machinery waste.  The two year improvements from 2013-2015 were substantial and helped 
to decrease total equipment needs and cost for the supply chain. 
A comparison was again made between the managed and unmanaged crews.  The 
unmanaged harvest crews had windrower and baler productivities of 54% and 55%, 
respectively (Figure 3.12).  For the second consecutive season this crew had productivities 
below the managed crews.  While the baler productivity increased from the previous season, 
the shredder productivity was decreased from the previous season. 
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Figure 3.12: 2015 machinery productivity of managed and unmanaged harvest crews 
 
Post season survey results 
The crew survey results revealed the impact of the live data reporting for crew 
management of machinery productivity.  Changes to the reporting system prior to the 
harvest season were found to be beneficial to crews at more information was available 
sooner. 
• When asked the significance of reporting of machinery productivity, all six crews 
responded with very significant or significant 
• Six of seven crews used the live reporting on a daily basis to monitor machine idle time 
• Six of seven crews felt the data reporting system met their needs for the season 
•  All seven responses felt the mapping feature was helpful to their crew 
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3.4.3. Season productive time 
Prior to each harvest season, the expected total area to be harvested is determined based 
upon available grower fields.  These fields are contracted to be harvested by the harvest 
crews within a specific amount of time following grain harvest.  Each season there is the 
potential for fields to be removed from the corn harvest program due to scheduling 
constraints or late season inclement weather.  Once the total available area to be harvested is 
determined, the total required harvest equipment can be determined.  While minimizing the 
total equipment for harvest will reduce machinery capital costs, a buffer of excess equipment 
is required for machinery breakdowns or if weather reduces the length of the harvest season 
Total season productive hours measure the utilization of machinery within a harvest 
season.  A higher machine usage during the season will reduce ownership costs as a greater 
number of bales can be produced with fewer machines.  The total area to be harvested, total 
available machines, size and number of harvest crews, and season weather will impact the 
utilization of equipment.    
3.4.3.1. 2013 benchmark 
In 2013, a total of 30 balers and 25 windrowers were used to harvest an area of 
approximately 25,000 hectares (61,000 acres).  The total usage of individual machines was 
recorded for the entire harvest season to determine utilization.  There was a wide range of 
machine usage as total productive time for windrowers was 3-160 hours and 20-137 hours for 
balers.  The size of the individual crews varied and impacted the utilization of equipment.  
Larger harvest crews typically had one or two primary machines with higher usage; the other 
machines were used much less and served as reserve units during the season when machines 
were stopped due to maintenance and repair.   
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The average windrower productive time for the season was 57 hours and 77 hours for 
balers.  Following the 2013 season and effort was made to increase utilization of machines by 
reducing the total equipment in the supply chain.  Rather than providing individual crews 
with extra equipment, a shared pool of equipment could be made available to crews as 
needed.  Each season a limit was placed on the total machine hours that could be 
accumulated based upon lease agreements (set at 240 hours for this operation).  While 
increasing the total productive time would push machines closer to this limit, reducing the 
idle time would offset the increases in total machine hours during the season.  
3.4.3.2. Preseason planning and 2014 targets 
Unlike bale density and machinery productivity, the machinery season hours was 
controlled by the management team rather than the harvest crews.  Prior to the harvest 
season, the total available area for harvest, expected harvest rate, and total expected harvest 
crews were determined.  The total equipment needs for the season were matched to the 
expected season performance.  Harvest crews that had demonstrated higher productivity 
during previous seasons were assigned greater portion of the harvest area. 
For 2014 the target for productive time was set at 125 hours for windrowers and 100 
hours for balers as the total expected harvest area was expected to increase to 33,000 ha 
(81,500 ac).  Approximately 40-50 windrowers and balers were available to the supply chain 
for the season.  The total productive hours were determined by knowing the expected 
throughput of equipment (22 Mg hr-1 and 24 Mg hr-1 for windrowers and balers, respectively) 
and an expected harvest rate of 3.6 Mg ha-1 (3.1). 
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Productive Hours=
(Total Area) x (Harvest Rate)(Material Throughput) x (Total Machines) 3.1 
 
The supply chain still included enough equipment in case of mechanical breakdowns or a 
shortened harvest season due to weather.  The amount of excess equipment to include is 
determined in part by the level of risk the biorefinery will accept.  Total equipment can be 
reduced to the minimum but at the risk of not harvesting all available fields.  As the total 
equipment increases, that risk is decreased but equipment costs will increase. 
3.4.3.3. Continuous improvement process – Phase I 
One of the main factors observed relating to the total production time was the daily total 
bales produced during the harvest season.  This was a by-product of the total productive time 
and hourly bale production rate.  By monitoring daily bale production, it was possible to 
quantify both the total production time and hourly production rate of harvest crews during the 
season.  Reporting of the daily bale production for each machine was reported with the real 
time data, helping to identify which machines had the highest production throughout the 
season. 
When the biorefinery reaches full commercial scale operation in the near future, the total 
harvest area will be expected to more than triple in size to 80,000 ha (200,000 ac) to meet 
demand.  As the operation continues to scale up in size over the next few years, it will be 
important that machines are being fully utilized.    Based upon the productivity target of 70% 
for 2014, it was expected that this value would have daily productive times of approximately 
5.5 hours per day (based on eight hour machine on time).  The balers were capable of 
producing approximately 50 bales per hour, leading to a potential of 250-300 bales per day.   
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3.4.3.4. Post season review 
The total area harvested for the 2014 season was reduced from preseason expectations 
due to reduced grower participation.  Harvest was delayed due to early season rainfall, 
causing the majority of harvest to be completed during the final three weeks of the season.  
This led to several growers removing fields from the stover harvest program in order to 
complete fall tillage and fertilizer application.  This reduction in total field area resulted in 
lower equipment utilization than originally expected prior to the harvest season.   
• Mean windrower productive time of 103 hours 
• Mean baler productive time of 89 hours 
• Highest windrower usage: 182 hours (Figure 3.13) 
• Highest baler usage: 170 hours (Figure 3.14) 
• Balers produced 56 bales per productive hour 
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Figure 3.13: 2014 individual windrower season productive time 
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Figure 3.14: 2014 individual baler season productive time 
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The season average did not meet the targeted productive hours for equipment as 16 of the 
43 windrowers exceeded 125 hours.  For balers, 15 of the 47 machines reached 100 hours.  
Due to the reduction in fields, many crews were unable to reach the production targets.  
However, the largest crew (#8), was able to keep machinery in use for much of the season as 
four windrowers exceeded 150 hours and four balers exceed 140 hours.  While this was the 
largest crew, they were able to divide their operation into smaller sub-crews that could work 
independently of one another, allowing more mobility as fields were ready for harvest.   
For the season balers were able to produce 56 bales per productive hour (Figure 3.15).  
This relationship between machinery productive time and bales produced was a useful 
training tool for harvest crews when demonstrating how to increase daily production.  The 
minimum guidelines established for future harvests were that a baler needed to run for at 
least eight hours at 75% productivity in order to produce 300 bales per day.  While these 
figures did not guarantee 300 bale output, it greater increased the potential for reaching the 
target.  A reduction in total harvest equipment would lead to more productive hours per 
machine, increasing bale output. 
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Figure 3.15: Daily bales produced and daily productive time of individual balers 
 
Survey results 
It was noted in the survey results that harvest crews would like to have less equipment to 
manage in the future season.  Each crew was issued an extra shredder for the season in case 
of machinery breakdown.  Several crews indicated that they rarely, if ever, used the extra 
shredder during the season.  Often the shredder was parked for the entire season and created 
extra work for the crews to manage.  It was suggested that extra machinery be shared 
between all crews and kept at the biorefinery storage facility where crews could switch 
equipment when necessary.  When the extra shredder was transported to fields, it often was 
not used and added to the total cost of fuel.  From the survey responses it did not appear that 
the crews saw a benefit to having excess equipment that served solely as a replacement unit.  
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3.4.3.5. Preseason planning and 2015 targets 
For the 2015 season the total harvest area remained constant with 33,000 ha (61,000) but 
the total equipment was reduced in order to increase productivity.  Based on the 2014 season 
data, it was determined that the same number of hectares could be harvested with 
approximately 66% of total equipment.  This was based upon the peak production period 
during the late season where harvest crews achieved bale outputs greater than 300 bales per 
day on a more consistent basis.  By eliminating the under-utilized machines and striving for 
400 bales per day, the total equipment requirements could be reduced.   
For the 2015 season a daily target of 400 bales per baler was set.  Additionally, the target 
production time was increased to 150 hours for windrowers and 125 hours for balers.  While 
the majority of equipment failed to meet these targets the prior season, the reduction in total 
equipment would allow for equipment to increase in season usage.  An emphasis was made 
during the crew training sessions to start baling as soon as conditions were suitable in the 
morning, maximizing the potential working time for each day.   
3.4.3.6. Continuous improvement – Phase II  
Crew size 
The size of the harvest crews was reduced for the season to allow for easier mobility of 
machinery between fields.  While larger crews had the opportunity to harvest more area, the 
management of less equipment was less complicated.  A significant aspect of the daily 
operations was transporting equipment and personnel to the necessary locations.  As many of 
the harvest crews were based outside of the local harvest region, transportation was an 
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obstacle to beginning of daily operations.  By using smaller crews, managers would have less 
focus on the logistics of machinery and personnel each day.   
During the previous seasons, it was found that crews typically adjusted their daily output 
and production levels to match the available fields in front of them.  On days with less 
available fields for harvest, the production levels typically reduced as there was less pressure 
to complete operations.  By reducing the total equipment, crews would have additional 
pressure to keep machinery running at a higher level.  The goal was not to overextend the 
capacity of equipment but to keep a more consistent amount of fields available to harvest on 
a daily basis.  This was an important step for reducing bottlenecks in the supply chain as 
crews adjusted daily production to match the available fields.   
Field assignment tool 
To assist with the management of available fields, the online data reporting system added 
an available field list.  In previous season, a local field manager contacted individual harvest 
crews when fields were ready.  Crews were also required to contact the manager when they 
completed all available fields.  By using an automated system, this allowed crews to manage 
available fields based on location, field size, and short term weather.  Additionally, the field 
assignment tool had a built in priority ranking that allowed the field manager to alert crews of 
high priority fields that needed to be completed immediately due to scheduling or grower 
requests.  In past seasons, crews were either waiting for field assignments or forced to deal 
with inconsistent field assignments.  This system sought to increase the visibility of workload 
to help crews better prepare for daily planning.   
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3.4.3.7. Post season review 
Crews were able to increase machine production hours during the harvest season due in 
part to the reduction in equipment.  The smaller crew sizes, combined with the online field 
assignment tool, allowed for more mobility between fields and improved daily planning. 
• Mean windrower productive hours: 117 hours 
• Mean baler productive hours: 125 hours 
• 12 of 32 windrowers exceeded 150 productive hours (Figure 3.16) 
• 17 of 30 balers exceeded 125 productive hours (Figure 3.17) 
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Figure 3.16: 2015 individual windrower season productive time 
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Figure 3.17: 2015 individual baler season productive time 
 
3.4.3.8. Crew survey results 
From the survey results, all crews stated that the new online field assignment tool was an 
effective system for managing fields.  This allowed them to manage their own fields without 
having to wait for assignment.  All crews stated that they used the field assignment tool 
during the season with four of six crews using the feature for more than an hour every day.  
Based on the crew reliance on the online field management system, future seasons will 
include this feature. 
3.5. Cost Calculations 
The data collected in this study was used to develop an economic cost model for infield 
operations of windrowing and baling (stacking of bales was omitted due to change in 
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operators and equipment).  The increase in machine productivity, total season hours, and bale 
density all contributed to lowering harvesting costs from the 2013 season to the 2015 season.  
The cost model shows the relationship between the machine productivity and bale quality 
factors.  Input factors considered included cost of machinery ownership, tractor rental, fuel, 
labor, maintenance, and insurance.  These factors were based on known industry custom 
harvest rates and available literature (Ag Decision Maker, 2015).  The input factors of the 
windrower and baler are shown in Table 3.2.   
Table 3.2: Cost factors for windrower and baler machinery 
Input Factor Windrower Baler Units 
Machinery 
Cost 40,000 120,000 $ 
Equipment 
Life 5 5 years 
Residual 20 20 % 
Cost of Capital 0.1848 0.1848 $ $-1 
Tractor Rental 30 45 $ hr-1 
Fuel Cost 0.79 0.79 $ L-1 
Fuel Rate 30.3 53 L hr-1 
Twine Cost N/A 0.74 $ bale-1 
Labor Cost 15 20 $ hr-1 
Maintenance 3,000 6,000 $ year-1 
Insurance 1,000 2,000 $ year-1 
 
For each machine type, a cost per Mg was calculated for the individual factors of tractor 
rental, machinery ownership (cost of capital), fuel, labor, maintenance, insurance, and twine 
(baler only).  The tractor rental cost was calculated as hourly rental rate divided by material 
throughput (Mg per hour).  This throughput was calculated from the known bale density of 
each field, bale hourly production rate, and machinery groundspeed.  The cost of machinery 
ownership was from the total season material throughput (hourly rate multiplied by total 
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season hours), machine ownership cost, and cost of capital factor.  Fuel and labor costs were 
calculated from the hourly labor rate, hourly fuel usage, expected fuel cost, and hourly 
material throughput.  Maintenance and insurance costs were based on expected annual cost 
and annual material throughput.  The baler twine cost was based on the known length of 
twine used to produce a bale and known cost per roll of twine.  The cost of operation for each 
activity was calculated as the sum the input factors from Table 3.2. 
From these factors an annual cost for windrowers and balers was calculated for each of 
the 2013, 2014, and 2015 seasons.  In 2013, the costs were highest as productivity, total 
season hours, and density were lower than the following seasons.  For shredder costs, the 
season average material throughput was 11 Mg hr-1 and the average season productive time 
was 57 hours.  This equated to an expected cost of 24.1 $ Mg-1.  In 2014 the season material 
throughput increased to 17 Mg hr-1 and season productive time increased to 95 hours, 
resulting in cost of 10.9 $ Mg.  In 2015 the season material throughput increased to 21.3 Mg 
hr-1 and the season productive time increased to 102 hours, resulting in a cost of 8.3 $ Mg-1.  
The largest decrease in cost came between 2013 and 2014 as significant improvements were 
made in machine productivity, total productive time, and material throughput.  Improvements 
were made in 2015 but were less than the previous year. 
In 2013 the baler had a bale density of 173 kg m-3, a season material throughput of 13.7 
Mg hr-1 and a productive time of 78 hours, resulting in a 37 $ Mg-1.  In 2014 the density 
increased to 180 kg m-3, with a material throughput of 18.4 Mg hr-1 and season productive 
time of 90 hours, resulting in a cost of 25.5 $ Mg-1.  In 2015 the density increased to 187 kg 
m-3, with a material throughput of 22.6 Mg hr-1 and season productive time of 129 hours, 
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resulting in a cost of 17 $ Mg-1.  Similar to the windrowing operation, the baler costs were 
reduced most between 2013 and 2014 (Figure 3.18).   
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Figure 3.18: Operating cost for windrower and baler by year 
 
While substantial cost reductions were achieved between the 2013 and 2015 harvest 
seasons, future costs cannot be expected to reduce at the same rate.  The bale density value 
appears to be reaching a maximum value for the current machine configuration.  
Additionally, the 2015 harvest was an exceptionally dry season that is unlikely to be 
repeated.  Future harvest seasons with typical rainfall and moisture content should be 
expected to see a slight decrease in density.  The one area that can still improve is the total 
machine productive time.  The target season hours of 150 hours was not met by windrowers 
or balers in the 2014 or 2015 seasons.  Continuing to match fleet equipment with expected 
harvest area will help to increase the total machine hours. 
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3.6. Conclusions 
As the corn stover biomass industry continues to grow, it will be necessary to develop 
cost saving strategies for the supply chain.  A data feedback system will help to analyze 
performance and identity potential areas for improvement.  The KPI metrics discussed in this 
study will help track performance as the industry increases to commercial scale production 
levels.  Managing of equipment and resources will be vital to reducing production costs.   
This study considers the machinery required for a multi-pass harvest system including 
windrowing and baling of corn stover bales.  Harvest data was collected from these machines 
to track performance for material density, machine productivity and machinery utilization.  
Bale density values as high as 187 kg m-3 (11.7 lb ft-3) were observed but were exceptionally 
high due to the conditions of the growing season.  Future harvests are expected to see a slight 
decrease in bale density with values closer to 184 kg m-3 (11.5 lb ft-3).  The bale density is an 
important factor for costs to the supply chain and improvements to future equipment and 
harvesting techniques could help to increase this value. It was demonstrated that harvest 
equipment could operate with a productivity greater than 80%.  Maintaining a high machine 
productivity will help to reduce costs for equipment operation.  While it was demonstrated 
that these productivity levels could be increased, it appears that they are reaching the 
maximum operating range of machinery.   
Annual machine utilization will be a significant factor for reducing harvest costs within 
the supply chain.  Excess equipment will reduce the usage of individual machinery and 
increase the total capital costs for operation.  Understanding the annual machinery 
throughput potential and achievable working time will help to better match equipment to 
harvest needs.  The usage of machinery will depend on the size and configuration of the 
177 
 
harvest system and as the industry reaches commercial scale production it will be important 
to maximize the usage of equipment.   
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CHAPTER 4. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
As the cellulosic ethanol industry continues to develop, improvements to the harvesting 
practices for corn stover and other feedstocks will be vital to reducing production costs.  
Once at full capacity, the biorefinery in this study will produce 114 million liters (25 million 
gallon) per year and will require an expected 700,000 large square corn stover bales on an 
annual basis.  This represents a large fleet of harvest equipment, machinery operators, and 
management teams to ensure the required feedstock is secured during the fall harvest season.  
Many previous studies have evaluated the machinery requirements and costs for harvesting 
feedstock for commercial biorefineries but have done so using small-scale operations data.  
As the size of the supply chain, the level of complexity increases as machinery and labor are 
spread out over a large area.  Observing the operations of a large scale facility will provide a 
more detailed view of individual field operations.  
For a multi-pass harvest system, the in-field operations will typically include a 
windrowing or raking of stover material.  In this activity, the corn stover is collected from the 
field and placed into a windrowed path for the baler to collect.  A baler will collect the 
material and densify the material into a large square bale.  These two operations are coupled 
together as the baler operation is dependent upon the material windrowed by the shredder.  
Once the bales have been produced, a bale collection system will bring the bales to a field 
edge location for short term storage or transportation to either the biorefinery or a long term 
storage facility. 
These in-field operations are part of a much larger supply chain process that encompasses 
all activities from the production of the grain harvest to the final conversion of cellulosic 
material at the biorefinery.  Each stage can operate independently of one another but it is 
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critical to consider the impact that one stage will have on another.  The physical properties of 
the baled material, such as density, length, moisture content, and ash content, will determine 
how the material is handled during the transportation, storage, and processing stages.    
The harvesting practices for a near commercial scale harvest operation were evaluated to 
determine Key Performance Indicators (KPI’s) in order to improve machinery productivity 
and efficiency.  Data was collected from harvest machinery in order to assess the 
performance of individual harvest crews across an entire season.  The information collected 
was used to identify areas of potential improvement within the supply chain.  The primary 
metrics identified included machinery productivity, machinery season productive time, and 
bale density.  Increasing the productivity of equipment will help to reduce costs for the 
harvest supply chain, specifically for fuel and labor.  Harvest crews demonstrated the ability 
to reduce machinery idle time below 10% and increase productivity to over 80% for an entire 
harvest season.  A higher machine productivity will increase the material throughput of 
individual machines.  Knowing the total material throughput is important, especially for 
matching the number of required windrowers and balers for the harvest season.  Having the 
improper balance of machinery will cause bottlenecks within the supply chain as machines 
wait for operations to complete.  As the machine productivity is increased, total machinery 
required for the season can be reduced.  Increasing the usage of individual machines will 
reduce costs for the supply chain as the capital cost of equipment is reduced.  This is a 
critical factor, especially as the size of biorefineries increase and will require a larger fleet of 
equipment.   
Bale densities of 187 kg m-3 (11.7 lb ft-3) were achieved during the 2015 harvest season 
and represented a significant improvement over previous seasons.  The relationship between 
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material moisture content, baler chamber pressure, and operator settings was observed 
through multiple seasons to establish guidelines for baling based on field conditions.  While 
the 2015 harvest season represented an improvement over previous seasons, it appears 
unlikely that future densities will continue to increase as the season was especially dry and 
unlikely to be repeated.   
The use of the KPI metrics, along with preseason training sessions, in-season data review, 
and post-season evaluation all worked together to implement a lean process to the supply 
chain.  The continual collection and reporting of data regarding machine productivity and 
bale quality allowed machine operators to evaluate performance and recognize areas of 
potential improvement.  The post-season review sessions identified larger, systematic 
improvements to the supply chain process.   
4.1. Future work 
The KPI metrics developed in this study helped to identify areas of potential 
improvement for biomass harvesting.  As biorefineries continue to reach full scale capacity, 
it will be necessary to maximize machinery productivity and feedstock quality in order to 
reduce costs.  It has been identified that increasing the total season production time of 
individual machinery will be critical to reducing overall machinery requirements.   
With the current multi-pass configuration, three separate passes are required through the 
field to windrow, bale, and collect the material.  The use of alternative harvest methods could 
potentially be used to reduce the total equipment.  One method that has been identified is 
single-pass harvesting of corn stover, a process where the baling operation is combined with 
the grain harvest process.  The separate windrowing and baling operations are eliminated as 
stover from the grain harvester is collected by the baler.  This process can help to reduce ash 
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content as the material is collected from the grain harvester without coming into contact with 
the ground.  However, the single-pass system can potentially increase moisture content of the 
bales as the stover drying time is reduced.  Another potential alternative harvest systems 
could integrate the windrowing and baling into a single operation.  Similar to the single-pass 
bale system, the material is windrowed and baled within a single-pass, eliminating equipment 
and labor from the harvest process.  Continued research in these alternative harvest systems 
will be required to determine effectiveness and potential cost savings for the supply chain. 
Future research work will also need to address the transportation and storage stages of the 
supply chain.  Management of biomass storage will be a critical factor in maximizing value 
of feedstock material.  The material coming out of the field can potentially have a wide range 
of densities and moisture content.  The moisture content of harvest material impacts the 
ability of feedstock to be stored for long periods of time.  Additional research will be 
required for determining proper management of material based on moisture content.  It may 
be necessary to develop multiple paths where material is stored at field edge, placed in a long 
term storage facility, or transported directly to the processing plant depending on the 
characteristics of harvested feedstock.   
As the cellulosic biofuels industry continues to develop it will be important to advance 
the harvesting methods by improving the existing multi-pass harvest systems and also by 
developing alternative harvest strategies that reduce the equipment needs.  Future research 
can build the results of this dissertation to increase machinery productivity.  The strategies 
for using KPI metrics can be applied to other areas of the supply chain, such as 
transportation, and also to harvest of other feedstock materials.  Corn stover has been 
identified as a suitable feedstock for harvest within the Midwest but the process of increasing 
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material density and improving machinery performance can be used across multiple 
feedstock supply chains.   
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APPENDIX. 2014 & 2015 CREW SURVEY RESULTS 
2014 Crew Survey Results
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2015 Crew Survey Results 
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